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REMARKS 

Claims 32-50 were pending in the application. Claims 33-39 were withdrawn 
from consideration as being directed to non-elected subject matter. Claims 32, 43, and 
47 have been amended. Support for the amendments to claims 32, 43, and 47 can be 
found throughout the specification, including at least at line 16, lines 16-17 and page 18, 
lines 16-17. New claims 51-54 have been added. Support for the new claims can be 
found in the claims as originally filed and throughout the specification. Additional 
support for new claim 51 can be at least at page 16, lines 29-37 of the specification. Thus, 
upon entry of this Amendment, claims 32-54 are pending in the application. 

No new matter has been added. Applicants request that the amendments to the 
specification and claims be entered. The foregoing claim amendments and cancellation 
should in no way be construed as an acquiescence to any of the Examiner's rejections and 
were made solely to expedite prosecution of the present application. Applicants reserve 
the right to pursue the claims as originally filed in this or a separate application(s). 

Restriction Requirement 

Applicant gratefiiUy acknowledges the Examiner's rejoining of Groups I-IV 
issued in the corresponding Reshiction Requirement, as indicated at page 3 of the Office 
Action mailed July 15, 2003. 

Rejection of Claims 32. 40-50 Under 35 U.S.C. 112. First Paragraph 

Claims 32 and 40-50 are rejected under 35 U.S.C. § 1 12, first paragraph as failing 
to comply with the enablement requirement. The Examiner states that the instant 
specification "is not sufficient to overcome the art recognized unpredictable nature of 
transgenic animal phenotype." The Examiner also asserts that, "one skilled in the art 
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would have to engage in an undue amount of experimentation to use the claimed 
invention at the time of filing." Applicants respectfully traverse this rejection. 

As amended, the claimed invention describes a non-human transgenic animal 
comprising a transgene comprising a nucleic acid molecule encoding a fusion protein 
which activates transcription of a gene of interest operatively linked to a target DNA 
sequence to which the fusion protein binds, the fusion protein comprising a first 
polypeptide comprising a DNA binding domain operatively linked to a second 
polypeptide comprising a transcriptional activation domain, wherein the transcriptional 
activation domain comprises at least one copy of a mutated acidic region of herpes 
simplex virus virion protein 16 (HSV VP 16), the mutated acidic region consisting of 
amino acid positions 436 to 447 of HSV VP16 (SEQ ID NO: 1) and having an amino acid 
substitution at position 442 as compared to wild type HSV VP 16, the transgene being in a 
form suitable for expression of the fusion protein in cells of the non-human transgenic 
animal. Li one embodiment, the transcriptional activation domain consists of three copies 
of VP 16. In another embodiment, the transcriptional activation domain consists of four 
copies of VP 16. In one embodiment of the invention, the first polypeptide is a Tet 
repressor. In another embodiment, the first polypeptide is a mutated Tet repressor that 
binds to tetO sequences in the presence, but not in the absence, of tetracycline or a 
tetracycline analogue. In some embodiments, the invention includes first polypeptides 
which consist of GAL4, LexA, LacR, or steroid hormone receptors. 

The specification provides detailed guidance regarding how to make nucleic acid 
molecules encoding the transcriptional activator fusion proteins of the invention, 
including providing specific examples (see e.g., pages 10, line 36 to page 11, line 19 and 
Example 1 at pages 33-34). The specification further provides guidance regarding how 
to incorporate such nucleic acid molecules into vectors to be used for expression of the 
fusion protein of the invention in a cell, wherein the cell is used for making transgenic or 
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homologous recombinant organisms (see e.g., page 11, line 23 to page 12, line 34 and 
page 13, line 19 to page 15, line 26). 

The instant specification teaches how to prepare the claimed transgenic and 
homologous recombinant organisms (see e.g., page 15, line 29 through page 17, line 31). 
For example, the specification teaches that a transgenic animal of the invention can be 
created by introducing the claimed fusion protein into the male pronuclei of a fertilized 
oocyte, and allowing the oocyte to develop in a pseudopregnant mother (Page. 16, lines 4- 
8). At page 16, lines 9-13, Applicant cites references which describes methods of 
creating transgenic animals which are standard in the art, including how to make 
transgenic mice. Applicant also teaches that founder animals can be used to identify 
animals which carry the transgene, and that these founder animals can be used to breed a 
line of animals (page 16, lines 13-17). 

The Examiner is of the opinion that at the time of filing the application, the state 
of the art regarding transgenic animals was unpredictable, and cites a number of 
references in support of this assertion. The Examiner cites MuUins as teaching 
difficulties in producing transgenic large mammals, in comparison to mice. The 
Examiner points to the teaching in Mullins which describes the failure of a construct 
designed for ovine to work in mice. Applicants submit that in contrast to the Examiner's 
assertion, the teachings of Mullins is an example of successful expression of a transgene 
in sheep, demonstrating that, at the time of the invention, technology for successfully 
making transgenic sheep was available in the art. The fact that Mullins observed lower 
expression in transgenic mice when the identical sheep construct was used in the mice 
simply indicates that a transgene designed for one species may not be optimal in another 
species. In conclusion of these findings, Mullins qualifies the predictive value of mouse 
models in studying transgene constructs for other species, stating, "the generation of 
transgenic mice may, in certain cases, only be a guide to the potential success of a 
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transgene construct in another species" (page S38, second column, first paragraph, last 
sentence). Applicant submits that one of ordinary skill in the art would recognize that the 
transgene construct to be used to make a transgenic animal of the invention would depend 
on the type of animal. Furthermore, the specification teaches that the design of 
expression vectors depends on the particular host cell in which the protein is to be 
expressed (see page 1 1, lines 34-36) and various promoters for expression in different 
species of host cells were known in the art. 

The Examiner cites Seidel as teaching challenges associated with transgenic 
livestock species, including the length of time which it takes to produce and characterize 
such transgenic animals. These teachings of Seidel at most point out that creating 
transgenic animals in species other than mice may be more time-consuming or 
problematic fi-om a logistic standpoint, but the fact that more time may be necessary to 
make a non-murine transgenic animal or that it may be logistically more difficult does not 
mean that such animals are not enabled by the invention, hi fact, Seidel teach that in five 
separate studies utiUzing cattle, goats, sheep and swine, between 3.6 and 9.8% of the 
offspring attained contained the transgene, and between 37.5 and 55.6% of these 
transgenic offspring expressed the transgene (Page 28, Table 2). Thus, the reference cited 
by the Examiner actually demonstrates that technologies for successfiillv making 
transgenic animals in non-mouse species were available in the art at the time of the 
invention. It would therefore not have required imdue experimentation on the part of one 
skilled in the art to obtain a transgenic animal as claimed in the invention. 

Finally, the Examiner cites Hammer et aL in support of the "unpredictabihty" in 
making transgenic animals. The Examiner relies on Hammer et al. for teaching that 
"integration of a transgene into alternative species may result in widely different 
phenotypic responses." Applicant submits that Hammer et al, which was published in 
1990, is not representative of the predictability of transgenic animals at the time of filing. 
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In response to the Examiner's assertion that the Hammer reference shows that HLA-B27 
mice did not show any disease phenotypes while the HLA-B27 rats did demonstrate 
associated diseases, Applicant points out that Hammer specifically teaches not only that 
the expression and activity of the B27 transgene in mice was "physiologically normal", 
but further suggest that the arthritis phenotype that the researchers were expecting in the 
mice upon expression of the transgene may not be related to B27 expression at alL 
Hammer teaches that several arthritic diseases readily inducible in rats cannot be induced 
in mice, regardless of transgene expression (page 1099, column 2, paragraph 2). This 
reference neither teaches nor suggests that the phenotypic difference between rats and 
mice was due to differential expression or activity of the B27 transgene in these animals 
due to the xmpredictability of transgene expression and integration. In fact, this reference 
is an example of successful expression of a transgene in two different species, rats and 
mice. 

At the time of filing the priority application, the teachings of the specification 
with regard to the construction of transgenic organisms (see e.g., page 16), had been 
utilized by many groups in the production of a variety of transgenic organisms, including 
mice, rats, pigs, sheep, and cows. A PubMed database search of the terms "transgenic 
AND mice" limited to the year 1997 (the year of filing of the priority document) resulted 
in 2,220 hits, supporting Applicant's assertion that methods for producing transgenic 
animals including mice were known at the time of filing. Applicants also refer the 
Examiner to examples of non-murine transgenic animals which were described in the 
literature at the time of filing the priority application: 

A and B. WO 92/22646 and WO 93/25017, entitled "Production of Human 
Hemoglobin Transgenic Pigs" (attached herewith as Appendix A and B, respectively) 
teach the production of transgenic pigs expressing the human hemoglobin gene. 
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C. U.S. patent no. 5,366,894, entitled "Protein Production" (attached herewith as 
Appendix C) teaches a method of producing transgenic sheep who express a desired 
transgene in their milk, wherein the protein can be easily collected and purified. 

D. Fodor et al (1994) PNAS 91 : 1 1 153-1 1 157 (attached herewith as Appendix D) 
who describe the production of transgenic pigs which express human CD59; 

E. Kxoshus et al (1996) Transplantation 61:1513-1521 (attached herewith as 
Appendix E) who describe transgenic pigs who express human CD59 on their organs in 
order to decrease the chance of rejection in xenotransplantation. The Kroshus paper 
follows the experiment described in the above-mentioned Fodor publication, and 
demonstrates that the transgenic pigs originally described in Fodor were successfully used 
in subsequent studies; 

F. Wall et al. (1996) Transgenic Research 5:67-72 (attached herewith as Appendix 
F) who describe transgenic sheep which express the whey acidic protein (WAP); and 

G. PCT publication no. WO 97/19589 (attached herewith as Appendix G) teaches 
methods of producing transgenic goats, including how to obtain goat stem cells. 

Each of these references demonstrates the efficacy and predictability of the 
methodologies taught in the instant specification and known at the time of filing in the 
production of transgenic animals. These references also demonstrate that one of ordinary 
skill in the art would not have to perform undue experimentation to use the claimed 
invention. It is therefore clear fi-om the teachings of these references that the 
methodologies taught by Applicants are vaUd for the production of animals transgenic for 
the transactivator fiision protein of the invention. 

As discussed in the specification, standard molecular biology techniques are used 
to construct the DNA and vectors of the invention. Furthermore, as discussed in the 
specification, standard techniques known in the art are used to prepare the transgenic 
organisms of the invention. It is well established that a patent specification need not 
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teach, and preferably omits, that -which is well known in the art. Hybritech Inc. v. 
Monoclonal Antibodies, Ina, 802 F.2d 1367, 231 USPQ 81 (Fed. Cir. 1986). In view of 
the teachings in the specification and the general knowledge in the art regarding how to 
make and use transgenic organisms, the specification has provided sufficient guidance to 
the ordinarily skilled artisan as to how to make and use the invention. Accordingly, the 
specification meets the enablement requirement. 

In view of the above arguments. Applicant respectfiilly requests that the Examiner 
reconsider and withdraw the rejection of claims under 35 U.S.C. § 1 12, first paragraph. 

Rejection of Claims 32. 40-50 Under 35 U.S.C. 1 12, Second Paragraph 

Claims 32 and 40-50 are rejected xmder 35 U.S.C. § 1 12, first paragraph as being 
indefinite to particularly point out the claimed invention. Specifically, the Examiner states 
use of the phrase "a fiision protein which activates transcription" makes the claims 
indefinite "because it is unclear the transcription of which gene is activated by the fiision 
protein." Claims 32, 43, and 47 have been amended to specify that the fusion protein of 
the invention activates transcription of a gene of interest operatively linked to a target 
DNA sequence to which a transactivator fusion protein binds. Applicants submit that 
amended claims 32, 43, and 47 completely define which gene is being activated by the 
fusion protein. In view of the amendment and the clear and definite description of genes 
which can be activated using the transactivator protein provided in the specification, 
Applicants respectfully request that the Examiner withdraw this 112 rejection. 
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If a telephone conversation with Applicants' Attorney would expedite the 
prosecution of the above-identified application, the Examiner is urged to call 
Applicants' Attorney at (617) 227-7400. 


LAHIVE & COCKFIELD, LLP 
28 State Street 
Boston, MA 02109 
Tel. (617) 227-7400 

Dated: October 15. 2003 


Respectfully submitted. 



DeAnn F. Smith, Esq. 
Reg. No. 36,683 
Attorney for Applicants 
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PRODUCTION OF HUMAN HEMOGLOBIN IN TRANSGENIC PIGS 

5 1* INTRODUCTION 

The presen't invention relates to the use of 
transgenic pigs for '€S*e production of human 
hemoglobin. The transgenic pigs of the invention may 
be used as an efficient and economical source of cell- 
3^0 free human hemoglobin that may be used for 

transfusions and other medical applications in humans* 

2. BACKGROUND OF THE INVENTION 
2.1, HEMOGLOBIN 

15 Oxygen absorbed through the lungs is carried 

by hemoglobin in red blood cells for delivery to 
tissues throughout the body. At high oxygen tensions, 
such as those found in the proximity of the lungs, 
oxygen binds to hemoglobin, but is released in areas 

20 of low oxygen tension, where it is needed* 

Each hemoglobin molecule consists of two 
alpha globin and two beta globin subunits* Each 
subunit, in turn, is noncovalently associated with an 
iron-containing heme group capable of carrying an 

25 oxygen molecule. Thus, each hemoglobin tetr£uaer is 
capable of binding four molecules of oxygen. The 
subunits work together in switching between two 
conformational states to facilitate uptake and release 
of oxygen at the lungs and tissues , respectively . 

30 This effect is comononly referred to as heme*heme 
interaction or cooperativity. 

The hemoglobins of loany animals are able to 
interact with biologic effector molecules that can 
further enhance oxygen binding and release* This 

35 enhancement is manifested in changes which affect the 
allosteric equilibrium between the two cbnformatidnal 
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states of hemoglobin. For example, human and pig 
hemoglobin can bind 2, 3 diphosphoglycerate (2,3 DPG) , 
which influences the equilibritim between the two 
conformational states of the tetramer and has the net 
effect of lowering the overall affinity for oxygen at 
the tissue level. As^^a result, 2,3-DPG increases the 
efficiency of oxygen delivery to the tissues* 

2.2. GLOBIN GENE EXPRESSION 

Hemoglobin protein is expressed in a tissue 
specific manner in red blood cells where it accovuits 
for approximately ninety percent of total cellular 
protein. Thus, red blood cells, which have lost their 
nucleus and all but a minimal number of organelles, 
axB effectively membrane-enclosed packets of 
hemoglobin dedicated to oxygen transfer. 

Humans and various other species produce 
different types of hemoglobin during embryonic, fetal, 
and adult developmental periods. Therefore, the 
factors that influence globin gene expression must be 
able to achieve tissue specific control, quantitative 
control, and developmentally regulated control of 
globin expression. 

Human globin genes cire found in clusters on 
chromosome 16 for alpha (a) globin and chromosome 11 
for beta (jS) globin. The human beta globin gene 
cluster consists of about 50 kb of DNA that includes 
one embryonic gene encoding epsilon (e) globin, two 
fetal genes encoding gamma (y) G and gamma A globin, 
and two adult genes encoding delta (S) and beta (fi) 
globin, in that order (Fritsch^t al., 1980, Cell 
19:959-972) . 

It has been found that DNA sequences both 
upstream and downstream of the P globin translation 
initiation site are involved in the regulation of 
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globin gene expression (Wright et al,, 1984, Cell 
38.:263), In particular, a series of four Dnase I 
super hypersensitive sites (now referred to as the 
5 locus control region, or LCR) located about 50 

kilobases upstream of the human beta globin gene are 
extremely important ' fn'^eliciting properly regulated 
beta globin-locus expression (Tuan et al«, 1985, Proc. 
Natl. Acad. Sci. U.S.A. 83:1359-1363; PCT Patent 

10 Application WO 8901517 by Grosveld; Behringer et al., 
1989, Science 245:971-973; Enver et al., 1989, Proc. 
Natl. Acad. Sci. U.S.A. 86:7033-7037; Hanscombe et 
al., 1989, Genes Dev. 1:1572-1581; Van Assendelft et 
al.., 1989, Cell 56:967-977; Grosveld et al. , 1987, 

15 Cell 51:975-985) . 

2.3. THE NEED FOR A BLOOD SUBSTITUTE 
Recently, the molecular aspects of globin 
gene expression have met with even greater interest as 

20 researchers have attempted to use genetic engineering 
to produce a synthetic blood that would avoid the 
pitfalls of donor generated blood. In 1988, between 
12 million and 14 million units of blood were used in 
the United States alone (Andrews, February 18, 1990, 

25 New York Times) , an enormous volume precariously 
dependent on volunteer blood donations. About 5 
percent of donated blood is infected by hepatitis 
virus (Id.) and, although screening procedures for HIV 
infection are generally effective, the prospect of 

30 contracting transfusion related A.I.D^S. remains a 
much feared possibility. Furthermore, transfused 
blood must be compatible with-^ihe blood type of the 
transfusion recipient; the donated blood supply may be 
unable to provide transfusions to individuals with 

35 rare blood types. In contrast, hemoglobin produced by 
genetic engineering would not require blood type 


matching, would be virus-free, and would be available 
in potentially unlimited cimounts. Several research 
groups have explored the possibility of expressing 
hemoglobin in microorganisms. For example ^ see 
International Application No. PCT/US88/01534 by 
Hoffman and Nagai, wtSth presents, in working 
examples, production of human globin protein in E. 
coli . 

2.4. TRANSGENIC ANIMALS 
A transgenic animal is a non-h\iman animal 
containing at least one foreign gene, called a 
transgene, in its genetic material. Prefei^ably, the 
transgene is contained in the animal's germ line such 
that it can be transmitted to the animal's offspring. 
A number of technic[ues may be used to introduce the 
transgene into an animal's genetic material, 
including, but not limited to,, microinjection of the 
transgene into pronuclei of fertilized eggs and 
mcuiipulation of embryonic stem cells (U.S. Patent No. 
4,873,191 by Wagner and Hoppe; Palmiter and Brinster, 
1986, Ann. Rev. Genet. 20:465-499; French Patent 
Application 2593827 published August 7, 1987). 
Transgenic animals may carry the transgene in all 
their cells or may be genetically mosaic. 

Although the majority of studies have 
involved transgenic mice, other species of transgenic 
animal have cJ.so been produced, such as rabbits, 
sheep, pigs (Hammer et al.,. 1985, Nattire 315:680-683) 
and chickens (Salter et al., 1987, Virology 157 ; 236- 
240) . Transgenic animals are ""currently being 
developed to serve a^ bioreactors for the production 
of useful pheonaaceutical compounds (Van Brunt, 1988, 
Bio/Technology 6:1149-1154; Wilmut et al. , 1988, New 
Scientist (July 7 issue) pp. 56-59) . 
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Methods of expressing recombinant protein 
via transgenic livestock have an important theoretical 
advantage over protein production in recombinant 
5 bacteria and yeast; namely, the ability to produce 
large, complex proteins in which post-translational 
modifications, including glycosylation, 
phosphorylation, stibunit assembly, etc. are critical 
for the activity of the molecule* 

j^O In practice, however, the creation of 

transgenic livestock has proved problematic. Not only 
is it technically difficult to produce transgenic 
embryos, but mature transgenic animals that produce 
significant quantities of recombinant protein may 
prove inviable. In pigs in particular, the experience 
has been that pigs carrying a growth hormone encoding 
transgene (the only transgene introduced into pigs 
prior to the present invention) suffered from a number 
of health problems, including severe arthritis, lack 

20 of coordination in their rear legs, susceptibility to 
stress, anoestrus in gilts and lack of libido in bocirs 
(Wilmut et al., supra ) . This is in contrast to 
trcinsgenic mice carrying a growth hormone transgene, 
which appeared to be healthy (Palmiter et al*, 1982, 

25 Nattire 300 :611-615^ • Thus, prior to the present 

invention, healthy transgenic pigs (which efficiently 
express their transgene (s) ) had not been produced. 

2.5. EXPRESSION OF GLOBIN GENES IN TRANSGENIC ANIMALS 
30 Transgenic mice carrying human globin 

transgenes have been used in studying the molecular 
biology of globin gene expression • A hybrid 
mouse/human adult beta globin gene was described by 
Magram et al. in 1985 (Nature 315:338-340). Kollias 
35 et al. then reported regulated expression of human 
gamma-A, beta, and hybrid beta/ gamma globin genes in 
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transgenic mice (1986, Cell 46- 89-94) • Transgenic 
mice expressing human fetal gamma globin were studied 
by Enver et al. (1989, Proc. Natl. Acad. Sci- U.S.A. 
86:7033-7037) and Constantoulakis et al. (1991, Blood 
77:1326-1333). Autonomous developmental control of 
human embryonic globiiPgene switching in transgenic 
mice was observed by Raich et al. (1990, Science 
250:1147-1149) . 

Transgenic mouse models for a variety of 
disorders of hemoglobin or hemoglobin expression have 
been developed, including sickle cell disease (Rubin 
et al., 1988, Am. J- Human Genet. 43.:585-591; Greaves 
et al., 1990, Natxire 343 ; 183-185; Ryan et al., 1990, 
Science 247:566-568; Rubin et al., 1991, J. Clin- 
Invest. 87:639*647); thalassemia (Anderson et al.,' 
1985, Ann. New York Acad. Sci. (USA) 445:445-451; 
Sorenson et al., 1990, Blood 75:1333-1336); and 
hereditary persistence of fetal hemoglobin (Tanaka et 
al., 1990, Ann. New York Acad. Sci. (USA) 612 :167- 
178) . 

Concurrent expression of hviman alpha and 
beta globin has led to the production of human 
hemoglobin in transgenic mice (Behringer et al. , 1989, 
Science 245 :971-973; Townes et al. , 1989, Prog. Clin. 
Biol. Res. 316A:47-61; Hanscombe et al., 1989, Genes 
Dev. 2:1572-1581). It was observed by Hanscombe et 
al. f supra ) that transgenic fetuses with high copy 
numbers of a treuisgene encoding alpha but not beta 
globin exhibited severe anemia and died prior to 
birth. Using a construct with both human alpha and 
beta globin genes iinder the control of the beta globin 
LCR, live mice with low copy numbers were obtained 
(Id.). Metabolic labeling experiments showed balanced 
mouse globin synthesis, but imbalanced human globin 
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synthesis, with an alpha/beta biosynthetic ratio of 
about 0.6 (Id.) . 

5 3. SUMMARY OF THE INVENTION 

The present invention relates to the use of 
transgenic pigs f or tfie production of human hemoglobin 
and/ or human globin. It is based, at least in part, 
on the discovery that transgenic pigs may be generated 

10 that express htiman hemoglobin in their erythrocytes 

and are healthy, suffering no deleterious effects as a 
result of heterologous hemoglobin production. 

In particular embodiments, the present 
invention provides for transgenic pigs that express 

15 human globin genes. Such animals may be used as a 

pariiicularly efficient and economical source of human 
hemoglobin, in light of (i) the relatively short 
periods of gestation and sexual maturation in pigs; 
(ii) the size and frequency of litters, (iii) the 

20 relatively large size of the pig which provides 

propoirtionately large yields of hemoglobin; and (iv) 
ftinctional similarities between pig and human 
hemoglobins in the regulation of oxygen binding 
affinity which enables the transgenic pigs to remain 

25 healthy in the presence of high levels of human 
hemoglobin* 

The present invention also provides for 
recombinant nucleic acid constructs that may be used 
to generate transgenic pigs. In preferred 

30 embodiments, such constructs place the human alpha and 
beta globin genes under the same promoter so as to 
avoid deleterious effects of gfobin chain imbalance 
and/or titration of transcription factors due to 
constitutive /3-globin promoter activity in an 

35 inappropriate cell type (e.g. a primitive 
erythrocyte) . 
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In an additional embodiment, the present 
invention provides for a hybrid hemoglobin that 
comprises human ot globin and pig jS globin. The whole 
blood from transgenic pigs expressing this hybrid 
hemoglobin appears to exhibit a P50 that is 
advantageously higher*"than that of native human or pig 
blood. 

The present invention also provides for a 
method of producing human hemoglobin comprising (i) 
introducing a human alpha globin and a human beta 
globin gene, under the control of a suitable promoter 
or promoters, into the genetic material of a pig so as 
to create a transgenic pig that expresses human 
hemoglobin in at least some of its red blood cells; 
(ii) collecting red blood cells from the transgenic 
pig; (iii) releasing the contents of the collected red 
blood cells; and (iv) subjecting the released contents 
of the red blood cells to a purification procedure 
that siibstemtially separates human hemoglobin from pig 
hemoglobin. In a preferred embodiment of the 
invention, human hemoglobin may be separated from pig 
hemoglobin by DEAE anion exchange column 
chromatography • 

4. DESCRIPTION OF THE FIGURES 
Figure 1. RecombincUit nucleic acid constructs. 
A. Construct aafi (the "116 construct) ; B. 
Construct ap/3 (the "185" construct) ; c. Construct 
jSpa (the "290" construct); D. Construct €pf|3a; E. 
Construct fpeopiS; F. Construct ap0 carrying a 
/3l08 Asn -> Asp mutation^'Tth® "hemoglobin 
Yoshizuka construct"); G. Construct app c€arrying 
a filOS Asn -> Lys mutation (the "hemoglobin 
Presbyterian constjruct") ; H. Construct app(Aa) 
coinjected with LCR a (the "285" construct); I. 
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Construct ap)8 carrying an al34 Thr -> cys 
mutation (the "227" construct) ; J. Construct ap/S 
carrying an al04 Cys-> Ser mutation (the "227" 
5 construct), a /393 Cys -> Ala mutation, and a /3ll2 

Cys -> Val mutation (the "228" construct) ; 
Construct apS (tSe "263" construct); and L. 
Construct ap^(Ao£) coinjected with LCR a (the 
"274" construct) ; M. Construct LCR a coinjected 

10 with LCR e/S (the "240" construct); N. Construct 

apfi carrying a fiSl Lys -> Met mutation (the 
"Hemoglobin Bologna" construct); Construct LCR 
eafi (the "318" construct) ; P. Construct LCR aefi 
(the "319" construct); Q. Construct LCR oae/8 (the 

15 "329" construct); R. Construct LCR ae{^^0p)p (the 

"339" construct); S. Constmict ap)3 cari^ring an 
a75 Asp -> cys mutation (the "340" construct) ; T. 
Construct ap/3 carrying an a42 Tyr -> Arg mutation 
(the "341" construct) ; U. Construct LCR epaa (the 

20 "343" construct); V. Construct LCR efia (the "347" 

construct) ; W. Construct app carrying an a42 Tyr 
-> Lys mutation; X. Construct app carrying an a42 
Tyr -> Arg mutation; and a j899 Asp -> Glu 
mutation; Y. Construct app carrying an a42 Tyr -> 

25 Lys mutation; and a j399 Asp -> Glu mutation. 

Figure 2. Transgenic pig. 

Figure 3. Demonstration of human hemoglobin 

expression in transgenic pigs. A. Isoelectric 
focusing gel analysis. B. Triton-acid urea gel 

30 of hemolysat:es of red blood cells representing 

htiman blood (lane l) ; blood from transgenic pig 
12-1 (lane 2), 9-3 (lane 'J) , and 6-3 (lane 4); 
and pig blood (lane 5) shows under-express ion of 
human P globin relative to human a globin in the 

35 transgenic animals. 
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Figure 4« Separation of hximan hemoglobin and pig 

hemoglobin by DEAE chromatography. A. Hemolyzed 
mixture of human and pig red blood cells; B. 
5 Hemolysate of red blood cells collected from 

transgenic pig 6-3. C. Human and mouse 
hemoglobin do rioE*^^ separate by DEAE chromatography 
under these conditions. D. Isoelectric focusing 
of human hemoglobin purified from pig hemoglobin. 

Figure 5. Isoelectric focussing gel of reassociated 
pig hemoglobin (lane l) ; reassociated pig/human 
hemoglobin mixture (lanes 2 emd 4); reassociated 
human hemoglobin (leme 3); and transgenic pig 
hemoglobin (lane 5) . 
3^5 Figure 6. Separation of htiman hemoglobin by QCIP 
chromatography . 

Figxxre 7, Oxygen affinity of transgenic hemoglobin. 

5. nTgTATT. f i n DESCRIPTION OF THE INVENTION 
2Q The present invention provides for a method 

of producing human hemoglobin that utilizes transgenic 
pigs, novel globin-encoding nucleic acid constructs, 
and transgenic pigs that express human hemoglobin. 
For purposes of clarity of description, and not by way 
25 of limitation, the detailed description of the 

invention is divided into the following subsections: 

(i) prepeuration of globin gene constructs; 

(ii) preparation of transgenic pigs; 
(iii) preparation of human hemoglobin and 

its separation from pig hemoglobin; 
and 

(iv) preparation of'^uman/pig hybrid 
hemoglobin. 


35 


30 
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5.1. PREPARATION OF GLOBIN GENE CONSTRUCTS 

The present invention provides for a method 
5 of producing human globin and/or hemoglobin in 

transgenic pigs* Human hemoglobin is defined herein 
to refer to hemoglobin'"''f ormed by globin chains encoded 
human globin genes (including alpha ^ beta, delta, 
geunma, epsilon and zeta genes) or variants thereof 

10 which cire naturally occurring or the products of 

genetic engineering. Such variants are at least about 
ninety percent homologous in amino acid sequence to a 
naturally occurring human hemoglobin* In preferred 
embodiments, the human hemoglobin of the invention 

15 comprises a human alpha globin and a human beta globin 
chain. The humem hemoglobin of the invention 
comprises at least two different globin chains, but 
may comprise more than two chains, to form, for 
example, a tetrMieric molecule, octeuneric molecule, 

20 etc. In preferred embodiments of the invention, human 
hemoglobin consists of two bxman alpha globin chains 
and two hrunan beta globin chains. As discussed infra . 
the present invention also provides for hybrid 
hemoglobin comprising human a globin and pig j3 globin. 

25 According to particular embodiments of the 

present invention, at least one human globin gene, 
such as a human alpha and/or a human beta globin gene, 
under the control of a suitable promoter or promoters, 
is inserted into the genetic material of a pig so as 

30 to create a transgenic pig that carries human globin 
in at least some of its red blood cells. This 
requires the preparation of appropriate recombinant 
nucleic acid sequences. In preferred embodiments of 
the invention, both hiiman a and human p genes are 

35 expressed* In an alternative embodiment, only human a 
globin is expressed. In further embodiments, human 
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embryonic or fetal globin genes are expressed or are 
used as developmental expression regulators of adult 
genes • 

Hvunan alpha and beta globin genes may be 
obtained from publicly available clones / e.g. as 
described in Swansori"eC al., 1992, Bio/Technol. 
10:557-559. Nucleic acid sequences encoding human 
alpha and beta globin proteins may be introduced into 
an animal via two different species of recombinant 
constructs, one which encodes human alpha globin, the 
other encoding human beta globin; alternatively, and 
preferably, both alpha and beta-encoding secgpiences may 
be comprised in the same recombinant construct. 

A suitable promoter, according to the 
invention, is a promoter which can direct 
transcription of humetn alpha and beta globin genes in 
red blood cells. Such a promoter is preferably 
selectively active in erythroid cells. This would 
include, but is not limited to, a globin gene 
promoter, such as the human alpha, beta, delta, 
epsilon or zeta promoters, or a globin promoter from 
another species. It may, for example, be useful to 
utilize pig globin promoter sequences. The himan 
alpha and beta globin genes may be placed under the 
control of different promoters, but, since it has been 
inferred that vastly different levels of globin chain 
production may result in lethality, it may be 
preferable to place the human alpha and beta globin 
genes under the control of the same promoter sequence. 
In order to avoid chain imbalance and/or titration of 
transcription factors due to constitutive j3-globin 
promoter activity in an inappropriate cell type, it is 
desirable to design a construct which leads to 
coordinate expression of human alpha and beta globin 
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genes at the saone time in development and at 
quantitatively similar levels. 

In one particular, non-limiting embodiment 
5 of the invention, a construct comprising the aafi 

construct (also termed the "116" construct; Swans on et 
al., 1992^ Bio/Techriol'7 10:557-559; see Figure 2A) may 
be utilized. Although this construct, when present as 
a transgene at high copy number, has resulted in 
10 deleterious effects in mice, it has been used to 

produce healthy transgenic pigs (see Example Section 
6, infral . 

In another particular, non-limiting 
embodiment o£ the invention, a construct comprising 

25 the apj3 sequence (also termed the "185" construct), as 
depicted in Figvire IB may be used. Such a construct 
has the advantage of placing both alpha and beta 
globin-encoding sec[uences under the control of the 
same promoter (the alpha globin promoter) . 

.20 The present invention, in further specific 

exabodiments, provides for (i) the construct jSpa, in 
which the human alpha and beta globin genes are driven 
by separate copies of the human beta globin promoter 
(Figure IC) ; (ii) the ept^pa construct, which 

25 comprises human embryonic genes zeta and epsilon under 
the control of the epsilon promoter and both alpha and 
beta genes under the control of the beta promoter 
(Figure ID); (iii) the fpcapjS construct, which 
comprises human embryonic genes zeta and epsilon under 

3Q the control of the zeta promoter and both alpha and 
beta genes under the control of the alpha promoter 
(Figxire IE) ; (iv) the cepjS construct carrying a 
mutation that results in an aspartic acid residue 
(rather than an asparagine residue) at amino acid 

35 number 108 of P globin protein, to produce hemoglobin 
Yoshizuka (Figure IF) ; (v) the ap^ construct carrying 
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a mutation that results in a lysine residue (rather 
than an asparagine residue) at amino acid number 108 
of jS-globin protein, to produce hemoglobin 
5 Presbyterian (Figtire IG) ; (vi) the api3(Aa) construct, 
CO injected with LCR a which comprises the human jS- 
glob in gene under th'e*^Sontrol of the human a-globin 
promoter and a separate nucleic acid fragment 
comprising the human a-globin gene under its own 
promoter (Figure IH) ; (vii) the apjS construct carrying 
a mutation that results in a cysteine residue (rather 
than a threonine residue) at amino acid number 134 of 
a-globin protein (Figure II) ; (viii> the ap/9 construct 
carrying a mutation that results in a serine residue 

3^5 (rather than a cysteine residue) at amino acid number 
104 of the a-globin protein, an alanine residue 
(rather than a cysteine residue) at amino acid niamber 
93 of the /S-glo&i^ protein and a valine residue 
(rather than a cysteine residue) at amino acid number 

20 112 of the ^-globin protein (Figure IJ) ; (ix) the apff 
construct \^ich comprises the human adult a-globin 
promoter under its own promoter cuid the human 5-globin 
gene \inder the control of the human adult a-globin 
promoter (Fig, IK); (x) Construct ap^(Aa) coinjected 

25 with LCR a, which comprises the hvuuan ^-globin gene 

under the control of the hiunan a-globin promoter and a 
separate nucleic acid fragment comprising the human a- 
globin gene under its own promoter (Fig. IL) ; (xi) 
Construct LCR a coinjected with LCR eP, which 

30 comprises the human a-globin gene under the control of 
its own promoter cind a separate nucleic acid fragment 
comprising the human embryoni&ne-globin gene and the 
adult jS-globin gene tuider the control of their own 
promoters (Fig. IM) ; (xii) the api3 construct carrying 

35 a mutation that results in a methionine residue 

(rather than a lysine residue) at aiiiino acid number 61 
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of the a-globin protein (Fig. IN); (xiii) the eap 
construct, which comprises the human embryonic epsilon 
gene, the human adult alpha globin gene and the human 
5 adult beta globin gene linked in tandem from 5 ' - to 3 • 
(Fig. 10); (xiv) the ae^S construct, which comprises 
the htiman adult alpha^globin gene, the human embryonic 
epsilon globin gene and the human adult beta globin 
gene linked in tandem from 5«- to 3' (Fig. IP); (xv) 

xo the aaeff construct, which comprises two copies of the 
human adult alpha-globin gene, the human embryonic 
epsilon globin gene and the human adult beta globin 
gene linked in tandem from 5'- to 3» (Fig. IQ) ; (xvi) 
the ae{^pp)fi construct, which comprises the human 

15 adult alpha-globin gene, the human embryonic epsilon 
globin gene and the human adult beta globin gene under 
the control of the endogenous porcine adult beta 
globin promoter all linked in tandem from 5«- to 3» 
(Fig. IR) ; (xvii) the app construct carrying a 

20 mutation that results in a cysteine residue (rather 
than an aspartic acid residue) at amino acid number 75 
of the a-globin protein (Fig. IS) ; (3cviii) the ap/J 
construct carrying a mutation that results in an 
arginine residue (rather than a tyrosine residue) at 

25 amino acid number 42 at the a-globin protein (Fig. 
IT); (xvix) the LCai ciSaa construct, which comprises 
the human embryonic epsilon globin gene, the human 
adult beta globin gene and two copies of the human 
adult alpha-globin gene linked in tandem from 5»- to 

30 3« (Fig. lU); (xx) the LCR e^a construct, which 

comprises the human embryonic epsilon globin gene, the 
human adult beta globin gene efitd the human adult 
alpha-globin gene linked in tandem from 5»- to 3» 
(Fig. IV) ; (xxi) the ap/S construct carrying a mutation 

35 that results in a lysine residue (rather than a 

tyrosine residue) at amino acid number 42 of the a- 
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globin protein (Fig- 1W> ; (xxii) the apjS construct 
carrying a mutation that results in an arginine 
residue (rather than a tyrosine residue) at amino acid 
number 42 at the a-globin protein and a glutamic acid 
residue (rather than an aspartic acid residue) at 
amino acid nuniber 99 "of the /S-globin protein (Fig, 
IX) ; and (xxiii) the opjS construct carrying a mutation 
that results in a lysine residue (rather than a 
tyrosine residue) at amino acid niimber 42 of the a- 
globin protein and a glutamic acid residue (rather 
than an aspartic acid residue) at amino acid number 99 
of the /3-globin protein (Fig* lY) . 

The recombinant nucleic acid constructs 
described above may be inserted into any suitable 
plasmid, bacteriophage, or viral vector for 
amplification, and meiy thereby be propagated using 
methods known in the art, such as those described in 
Naniatis et al. , 1989, Molecular Cloning: A Laboratory 
Manual, Cold Spring Harbor, N.Y. In the working 
examples presented below, the PUC vector (Yanish- 
Perron et al, , 1985, Gene 103-119) was utilized. 

Constructs may desireibly be linearized for 
prepEiration of transgenic pigs* Vector sequence may 
desirably be removed. 

5-2. PfflgPARA TTON OF TRANSGENIC PIGS 
The recombinant constructs described above 
may be used to produce a transgenic pig by any method 
known in the art, including but not limited to, 
microinjection, embryonic stem (ES) cell manipulation, 
electroporation, cell gun^ transfection, transduction, 
retroviral infection, etc. Species of constructs may 
be introduced individually or in groups of two or more 
types of constiruct. 
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According to a preferred specific embodiment 
of the invention, a transgenic pig may be produced by 
the methods as set forth in Example Section 6, infra > 
5 Briefly, estrus may be synchronized in sexually mature 
gilts (>7 months of age) by feeding an orally active 
progestogen (allyl tfenbolone, AT: 15 mg/gilt/day) for 
12 to 14 days. On the last day of AT feeding all 
gilts may be given an intramuscular injection (IM) of 

10 prostaglandin F^. (Lutalyse: 10 mg/injection) at 0800 
and 1600 hours. Twenty-four hours after the last day 
of AT consumption all donor gilts may be administered 
a single IM injection of pregnant mare serum 
gonadotropin (PMSG: 1500 lU) . Human chorionic 

15 gonadotropin (HCG: 750 lU) may be administered to all 
donors at 80 hours after PMSG. 

Following AT withdrawal, donor and recipient 
gilts may be checked twice daily for signs of estrus 
using a mature boar. Donors which exhibited estrus 

20 within 36 hours following HCG administration may be 
bred at 12 and 24 hours after the onset of estrus 
using artificial and natural (respectively) 
insemination . 

Between 59 and 66 hours after the 

25 administration of HCG one- and two-cell ova may be 
sxirgically recovered from bred donors using the 
following procedxire. General anesthesia may be 
induced by administering 0.5 mg of acepromazine/kg of 
bodyweight and 1.3 mg ketamine/kg of bodyweight via a 

30 peripheral ear vein. Following anesthetization, the 
reproductive tract may be exteriorized following a 
mid-ventral laparotomy. A drawn glass cannula (O.D. 5 
mm, length 8 cm) may be inserted into the ostium of 
the oviduct and euichored to the infundibulum using a 

35 single silk (2-0) suture. Ova may be flushed in 

retrograde fashion by inserting a 2a g needle into the 
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lumen of the oviduct 2 cm anterior to the uterotubal 
junction. Sterile Dulbecco's phosphate buffered 
saline (PBS) supplemented with 0.4% bovine serum 
5 albtimin (BSA) may be infused into the oviduct and 
flushed toward the glass cannula. The medium may be 
collected into sterile>17 x 100 mm polystyrene tubes. 
Flushings may be transferred to 10 x 60 mm petri 
dishes and searched at lower power (50 x) using a Wild 

20 M3 stereomicroscope. All one- and two-cell ova may be 
washed twice in Brinster^s Modified Ova Culture-3 
medium {BMOC-3) supplemented with 1.5% BSA and 
transferred tp 50 /ul drops of BMOC-3 mediiaa under oil. 
Ova may be stored at 38<'C under a 90% Nj, 5% O2, 5% COj 

15 atmosphere vmtil microinjection is performed. 

One- 2Uid two-cell ova may be placed in a 
Eppendorf tube (15 ova per txibe) containing 1 ml HEPES 
Medixim supplemented with 1.5% BSA and centrifuged for 
6 minutes at 14000 x g in order to visualize pronuclei 

20 one-cell emd nuclei in two-cell ova. Ova may then 
be transferred to a 5 - 10 /il drop of HEPES meditam 
xrnder oil on a depression slide. Microinjection may 
be performed using a Laborlux microscope with 
Nomarski optics and two Leitz micromanipulators. 10- 

25 1700 copies of construct DNA (linesurized at a 

concentration of about Ing/^l of Tris-EDTA buffer) may 
be injected into one pronuclei in one-cell ova or both 
nuclei in two-cell ova. 

Microinjected ova may be returned to 

30 microdrops of BMOC-3 meditam under oil and maintained 
at 38 *C under a 90% N2, 5% CO^, 5% Oj atmosphere prior 
to their transfer to suitable-^recipients . Ova may 
preferably be transferred within 10 hours of recovery. 

Only recipients which exhibit estrus on the 

35 same day or 24 hours later than the donors may 
preferably be utilized for embryo transfer. 
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Recipients may be anesthetized as described earlier. 
Following exteriorization of one oviduct, at least 30 
injected one-and/or two-cell ova and 4-6 control ova 
5 may be transferred in the following manner. The 

tubing from a 21 g x 3/4 butterfly infusion set may be 
connected to a 1 cc syringe. The ova and one to two 
Bils of BMOC-3 medium may be aspirated into the tubing. 
The tubing may then be fed through the ostium of the 

xo oviduct until the tip reaches the lower third or 

isthmus of the oviduct. The ova may be subsequently 
expelled as the tubing is slowly withdrawn. 

The exposed portion of the reproductive 
tract may be bathed in a sterile 10% glycerol-0.9% 

15 saline solution and returned to the body cavity. The 
connective tissue encompassing the linea alba, the fat 
and the skin may be sutured as three separate layers. 
An uninterrupted Halstead stitch may be used to close 
the lina alba. The fat and skin may be closed using a 

20 simple continuous and mattress stitch, respectively. 
A topical antibacterial agent (e.g. Furazolidone) may 
then be administered to the incision area. 

Recipients may be penned in groups of about 
four and fed 1.8 kg of a standard 16% crude protein 

25 corn-soybean pelleted ration. Beginning on day 18 
(day 0 = onset of estrus) , all recipients may be 
checked daily for signs of estrus using a mature boar. 
On day 35, pregncoicy detection may be performed using 
ultrasound. On day 107 of gestation recipients may be 

30 treinsferxed to the farrowing suite. In order to 

ensure attendance at farrowing time, farrowing may be 
induced by the administration i5f prostaglandin F^^ (10 
wg/injection) at 0800 and 1400 hours on day 112 of 
gestation. In all cases, recipients may be expected 

35 to farrow within 34 hours following PGF2a 
administration • 
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Twenty- four hours after birth, all piglets 
may be processed, i.e. ears notched, needle teeth 
clipped, 1 cc of iron dextran administered, etc. A 
5 tail biopsy and blood may also be obtained from each 

pig- 
Pigs produced according to this method are 

described in Example Section 6, infra . and are 

depicted in Figure 2. Such pigs are healthy, do not 

10 appear to be anemic, and appear to grow at a rate 
comparable to that of their non-transgenic 
littermates. Such pigs may transmit the transgene to 
their offspring - 

Pigs having certain cheoracteristics may be 

15 especially useful for the production of human 

hemoglobin; such pigs, examples of which follow, 
represent preferred, non-limiting r specific 
embodiments of the invention. 

According to one preferred specific 

20 embodiment of the invention, a trcmsgenic pig contains 
at least twenty copies of a globin transgene. 

According to a second preferred specific 
embodiment, the P50 of whole blood of a transgenic pig 
according to the invention is increased by at least 

25 ten percent over the P50 of the whole blood of a 
comparable non- transgenic pig, taking into 
consideration factors such as altitude, oxygen 
concentrations, pregnancy, the presence of mutant 
hemoglobin, etc. Thus, the present invention provides 

30 for a non-pregnant transgenic pig that carries and 

expresses a human globin transgene in which the P^ of 
whole blood of the transgenic* 'pig is at least ten 
percent greater than the P^^j of whole blood of a 
comparable non-pregnaiit non-transgenic pig at the same 

35 altitude. 
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In other preferred specific embodiments, the 
present invention provides for a transgenic pig in 
which the amount of human globin produced relative to 
5 total hemoglobin is at least two percent, more 

preferably at least five percent, and most preferably 
at least ten percent 7^-^ 

Section 6, infra, describes transgenic pigs 
which serve as working examples of preferred, non- 
Xo limiting, specific examples of the invention. 

5.3 • PREPARATION OF HUMAN HEMOGLOBIN AND 
ITS SEPARATION FROM PIG HEMOGLOBIN 

The present invention provides for a method 

for producing human hemoglobin comprising introducing 

a transgene or transgenes encoding human hemoglobin, 

such as a human alpha globin and a human beta globin 

gene, under the control of a suitable promoter or 

promoters, into the genetic material of a pig so as to 

create a transgenic pig that expresses human 

hemoglobin in at least some of its blood cells. 

The present invention also provides for a 

method of producing human hemoglobin comprising (i) 

introducing a hximan alpha globin and a human beta 

globin gene, under the control of a suitable promoter 

or promoters, into the genetic material of a pig so as 

to create a transgenic pig that expresses human 

hemoglobin in at least some of its red blood cells; 

(ii) collecting red blood cells from the transgenic 

30 (iii) releasing the contents of the collected red 

blood cells to form a lysate; (iv) subjecting the 

lysate of the red blood cellsr^tp a purification 

procedure that substantially separates human 

hemoglobin from pig hemoglobin; and (v) collecting the 

fractions that contain purified human hemoglobin. 

Such fractions may be identified by . isoelectric 

focusing in parallel with appropriate standards. In a 
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preferred embodiment: of the invention, human 
hemoglobin may be separated from pig hemoglobin by 
DEAE anion exchange coltuan chromatography - 

In order to prepare human hemoglobin from 
the transgenic pigs described above, red blood cells 
are obtained from theTpig using any method known in 
the art. The red blood cells are then lysed using any 
method^ including hemolysis in a hypotonic solution 
such as distilled water, or using techniques as 
described in 1981, Methods in Enzymology Vol, 76, 
and/or tcuigential flow filtration. 

For purposes of ascertaining whether human 
hemoglobin is ±>eing produced by a particular 
transgenic pig, it may be useful to perf oma a small- 
scale electrophoretic analysis of the hemolysate, such 
as, for example, isoelectric focusing using standard 

techniques . 

Alternatively, or for larger scale 
purification, human hemoglobin may be separated from 
pig hemoglobin using ion exchange chromatography. 
Surprisingly, as discussed in Section 7, supra , human 
hemoglobin was observed to readily separate from pig 
hemoglobin using ion exchange chromatography whereas 
mouse hemoglobin and human hemoglobin were not 
separable by such methods. Any ion exchange resin 
known in the art or to be developed may be utilized, 
including, but not limited to, resins comprising 
diethylaminoethyl, Q-Sepharose, QCPI (I.B.F.) Zephyr, 
Spherodex, ectiola, carboxymethylcellulose, etc. 
provided that the resin results in a separation of 
human and pig hemoglobin comparable to that achieved 
using DEAE resin. 

According to a specific, nonlimiting 
embodiment of the invention, in order to separate 
human from pig hemoglobin (including humzm/pig 
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hemoglobin hybrids) to produce substantially pure 
human hemoglobin, a hemolysate of transgenic pig red 
blood cells, prepared as above may be applied to a 
5 DEAE anion exchange column equilibrated with 0.2 M 

glycine buffer at pH 7.8 and washed with 0.2 M glycine 
pH 7.8/5 mM NaCl, and^may then be eluted with a 5«30 
mM NaCl gradient, or its equivalent (see, for example. 
Section 9 infra ) . Surprisingly, despite about 85 

IQ percent homology between human and pig globin chains, 
human and pig hemoglobin separates readily upon such 
treatment, with human hemoglobin e luting earlier than 
pig hemoglobin. Elution may be monitored by optical 
density at 405 nm and/or electrophoresis of aliquots 

i5 tciken from serial fractions. Pig hemoglobin, as well 
as tetrameric hemoglobin composed of heterodimers 
formed between pig and human globin chains, may be 
separated from human hemoglobin by this method. Hiunan 
hemoglobin produced in a transgenic pig and separated 

20 from pig hemoglobin by this method has an oxygen 
binding capability similar to that of native human 
hemoglobin. 

According to another specific, non-limiting 
embodiment of the invention, human hemoglobin may be 
25 separated from pig hemoglobin (including human/pig 
hemoglobin hybrids) using QCPI ion exchange resin as 
follows: 

About 10 mg of hemoglobin prepared from 
transgenic pig erythrocytes may be diluted in 20ml of 

30 Buffer A (Buffer A = lOmM Tris, 20mM Glycine pH 7.5) . 
This 20ml sample may then be loaded at a flow rate of 
about 5ml/min onto a QCPI column (10 ml) which has 
been equilibrated with Buffer A. The column may then 
be washed with 2 volumes of Buffer A, and then with 20 

35 column volumes of a o-50mM NaCl gradient (10 column 
volumes of Buffer A + 10 column volumes of lOmM Tris, 
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20inM Glycine^ SOmM NaCl Ph 7.5) or, alteratively, 6 
column volumes of lOmM Tris, 20inM Glycine, ISmM NaCl, 
pH 7.5, and the O.D.^go absorbing material may be 
5 collected in fractions to yield the separated 

hemoglobin, human hemoglobin being identified, for 
example, by isoelectric focusing using appropriate 
standards. The QCPI column may be cleaned by elution 
with 2 column volumes of lOmM Tris, 20mM Glycine, IM 
XO NaCl, pH 7.5. 

5.4. PREPARATION OF HUMAN/PIG HYBRID HEMOGLOBIN 
The present invention also provides for 
essentially purified and isolated human/pig hybrid 

i5 hemoglobin, in particular human a/pig hybrid 
hemoglobin. Pig a/human p hybrid has not been 
observed to form either in vitro in reassociation 
experiments or in vitro in transgenic pigs. 

The present invention provides for hybrid 

20 hemoglobin and its use as a blood substitute, and for 
a pharmaceutical composition comprising the 
essentially purified and isolated human/pig hemoglobin 
hybrid in a suitable phairmacological carrier. 

Hybrid hemoglobin may be prepared from 

25 transgenic pigs, as described herein, axxd then 

purified by chromatography, immunoprecipitation, or 
any other method known to the skilled artisan. The 
use of isoelectric focusing to separate out hemoglobin 
hybrid is shown in Figures 3 and 5 . 

30 Alternatively, hybrid hemoglobin may be 

prepsured using nucleic acid constructs that comprise 
both human and pig globin sequaices which may then be 
expressed in any suitable microorganism, cell, or 
transgenic animal. For exan^le, a nucleic acid 

35 construct that comprises the human a and pig p globin 
genes under the control of a suitable promoter may be 
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expressed to result in hybrid hemoglobin. As a 
specific example, human a globin and pig P globin 
genes, under the control of cytomegalovirus promoter, 
may be transfected into a mammalian cell such as a COS 
cell, and hybrid hemoglobin may be harvested from such 
cells. Alternatively^" such constructs may be 
expressed in yeast or bacteria. 

It may be desirable to modify the hemoglobin 
hybrid so as to render it non-immunogenic, for 
example, by linkage with polyethylene glycol or by 
encapsulating the hemoglobin in a membrane, e.g. in a 
liposome. 

6. EXAMPLE: GENERATION OF TRANSGENIC PIGS 

THAT PRODUCE HUMAN HEMOGLOBIN . 

6.1. MATERIALS AND METHODS 

6.1.1. NUCLEIC ACID CONSTRUCTS 

Constructs 116 (the aojS construct) , 185 (the 

app construct) , or 263 (the ap^ construct) were 

microinjected into pig ova as set forth below in order - 

to produce transgenic pigs. 

6.1.2. PRODUCTION OF TRANSGENIC PIGS 
Estrus was synchronized in sexually mature 
gilts (>7 months of age) by feeding an orally active 
progestogen (allyl trenbolone, AT: 15 mg/gilt/day) for 
12 to 14 days. On the last day of AT feeding all 
gilts received an intramuscular injection (IM) of 
prostaglandin Fj, (Lutalyse: 10 mg/injection) at 0800 
and 1600. Twenty-four hours after the last day of AT 
consxxmption all donor gilts received a single IM 
injection of pregnant mare serum gonadotropin (PMSG: 
1500 lU) . Human chorionic gonadotropin (HCG: 750 lU) 
was administered to all donors at 80 hours after PMSG. 

Following AT withdrawal, donor and recipient 
gilts were checked twice daily for signs of estrus 


using a matmre boar. Donors wlxich exhibited estrus 
within 36 hoinrs following HCG administration were bred 
at 12 and 24 hoiirs after the onset of estrus using 
artificial and natural (respectively) insemination- 

Between 59 and 66 hoxirs after the 
administration of HCG^'"^one- and two-cell ova were 
surgically recovered from bred donors using the 
following procediire* General anesthesia was induced 
by administering 0.5 mg of acepromazine/kg of 
bodyweight and 1.3 mg ketamine/kg of bodyweight via a 
peripheral ear vein. Following anesthetization, the 
reproductive tract was exteriorized following a mid- 
ventral laparotomy. A drawn glass cannula (CD. 5 mm, 
length 8 cm) was inserted into the ostium of the 
oviduct and anchored to the infundibulum using a 
single silk (2-0) suture^ Ova were flushed in 
retrograde fashion by inserting a 20 g needle into the 
lumen of the oviduct 2 cm anterior to the uterotubal 
junction. Sterile Dulbecco's phosphate buffered 
saline (PBS) supplemented with 0.4% bovine serum 
albumin (BSA) was infused into the oviduct and flushed 
toward the glass cannula. The medixm was collected 
into sterile 17 x lOO mm polystyrene tubes. Flushings 
were transferred to 10 x 60 mm petri dishes and 
searched at lower power (50 x) using a Wild M3 
stereomicroscope. All one- and two-cell ova were 
washed twice in Brinster's Modified Ova culture-3 
medium (BMOC-3) supplemented with 1.5% BSA and 
transferred to 50 fil drops of BMOC-3 medium under oil. 
ova were stored at 38*^0 under a 90% Nj, 5% 0^, 5% CO2 
atmosphere imtil microinjecti6ir*was performed. 

One- and two-cell ova were placed in an 
Eppendorf tube (15 ova per tube) containing 1 ml HEPES 
Medium supplemented with 1.5% BSA and centrifuged for 
6 minutes at 14000 x g in order to visualize pronuclei 
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in one-cell and nuclei in two-cell ova. Ova were then 
transferred to a 5 -10 fil drop of HEPES medium under 
oil on a depression slide. Microinjection was 
5 performed using a Labor lux microscope with Nomarski 
optics and two Leitz micromanipulators. 10-1700 
copies of construct* DNA {lng//il of Tris-EDTA buffer) 
were injected into one pronuclei in one-cell ova or 
both nuclei in two-cell ova. 

xo Microinjected ova were returned to 

microdrops of BMOC-3 medium under oil and maintained 
at 38 *C iinder a 90% Nj, 5% CO2, 5% Oj atmosphere prior 
to their transfer to suitable recipients. Ova were 
transferred within 10 hovirs of recovery. 

i5 Only recipients which exhibited estrus on 

the same day or 24 hours later than the donors were 
utilized for embryo transfer. Recipients were 
anesthetized as described earlier. Following 
exteriorization of one oviduct, at least 30 injected one- 

20 and/ or two-cell ova and 4-6 control ova were 

transferred in the following manner. The tubing from 
a 21 gx 3/4 butterfly infusion set was connected to a 
1 cc syringe. The ova and one to two mis of BMOC-3 
medium were aspirated into the tubing. The tubing was 

25 then fed through the ostium of the oviduct until the 
tip reached the lower third or isthmus of the oviduct. 
The ova were subsequently expelled as the tubing was 
slowly withdrawn. 

The exposed portion of the reproductive 

30 tract was bathed in a sterile 10% glycerol-0.9% saline 
solution and returned to the body cavity. The 
connective tissue encompass ing^he linea alba, the fat 
and the skin were sutured as three separate layers. 
An uninterrupted Halstead stitch was used to close the 

35 lina alba. The fat and skin were closed using a 

simple continuous and mattress stitch, respectively. 
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A topical antibacterial agent (Furazolidone) was then 
adioinistered to the incision area. 

Recipients were penned in groups of four and 
5 fed 1,8 kg of a standard 16% crude protein corn- 
soybean pelleted ration. Beginning on day 18 (day 0 = 
onset of estrus) ^ all^recipients were checked daily 
for signs of estrus using a mature boar. On day 35 ^ 
pregnancy detection was performed using ultrasound. 

20 On day 107 of gestation recipients were transferred to 
the farrowing suite. In order to ensure attendemce at 
farrowing time, farrowing was induced by the 
administration of prostaglandin F^, (10 mg/ injection) 
at 0800 and 1400 hours on day 112 of gestation. In 

xs ^ii cases, recipients farrowed within 34 hours 
following PGF2a administration. 

Twenty-four hours after birth, all piglets 
were processed, i.e. ears were notched, needle teeth 
clipped, 1 cc of iron dextran was administered, etc. 

20 A tail biopsy and blood were also obtained from each 
pig. 

6.2. RESULTS AND DISCUSSION 
Of 3566 injected ova, thirteen transgenic 

25 Pi?^ that expressed human hemoglobin were bom, two of 
which died shortly after birth due to normal breeding- 
related incidents completely unrelated to the fact 
that they were transgenic pigs (Table I). The 
remaining 11 have appeared to be healthy. A 

30 photograph of one transgenic pig is presented in 
Figure 2. Profiles of the pigs and of the percent 
"authentic" and "hybrid" h\mari'4iemoglobin ("HB") 
produced are set forth in Table II, infra . Total 
hemoglobin was calculated as the sum of human ap plus 

35 one-half of the human a pig jS hybrid. Figure 3 
presents the results of isoelectric focusing and 
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triton acid urea gels of hemoglobin produced by three 
of these pigs (numbers 12-1, 9-3, and 6-3) which 
demonstrate the expression of human alpha and beta 
5 globin in these animals. 

• "^"^ TABLE I 

Efficiency of Transgenic Pig Production 
Human Hemoglobin Gene Construct (s) 

10 


Parameter 

Total After 
22 Trials 

Total Ova Collected 

8276 

Total # Fertilized 

7156 

Total # Injected 

3566 

# Injected Ova Transferred 

3566 

# Control Ova Transferred 

279 

# Recipients Used 

104 

# Pigs Bom (Male, Female) 

208,332 

# Transgenic (Male, Female) 

8,5 (0.36)^ 

# Expressing 

13 


* Proportion of injected ova which developed into 
25 transgenic pigs (13 transgenics/ 3566 injected ova). 


30 


35 
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Table III presents the profiles of offspring 
of pig number 9-3, which shows that the Fl generation 
of transgenic pigs are capable of expressing 
hemoglobin. Of note, none of the offspring of pig 
number 6-3 were foiind to be transgenic, possibly due 
to the absence of transgene in the animal *s 
reproductive tissue. 
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The birth weights of the transgenic pigs 
have been approximately equivalent to the birth 
weights of their non-transgenic littermates. As the 
transgenic pigs matured^ their weights remained 
comparable to the weights of control animals. 

7. EXAMPLE: SEPARATION OF HUMAN HEMOGLOBIN 

FROM PIG HEMOGLOBIN BY DEAE CHROMATOGRAPHY 

7.1. MATERIALS AND METHODS 

7.1.1. PURIFICATION BY DEAE CHROMATOGRAPHY 

For purification, red blood cells were 

collected by centrifugation of 5000 rpm for 3 minutes 

in an eppendorf microcentrifuge and washed three times 

with an equal volume .(original blood) of 0.9% NaCl. 

Red cells were lysed with 1.5 volumes deionized H^o, 

centrifuged at 15,000 rpm, and the supernatant was 

fractionated by anion exchange chromatography. DEAE 

cellulose chromatography (DE-SE manufactured by 

Whatmsm, Ltd.) was performed according to W. A. 

Schroeder and T. H. J. Huisman "The Chromatography of 

Hemoglobin^', Dekker, New York, pp. 74-77. The 0.25 ml 

red cell hemolysate described above was applied to 1 

cm X 7 cm DE-52 column pre-equi libra ted in 0.2 M 

glycine pH 7.8 and was washed with 5 column volumes of 

0.2 M glycine pH 7.8/5 mM NaCl. Hemoglobins were 

eluted with a 200 ml 5-30 mM NaCl/0.2 M glycine pH 7.8 

gradient. To complete elution of pig hemoglobin, an 

additional 50 to 100 ml of 30 mM CaCl/glycihe pH 7.8 

was added to the col\mn. Elution of hemoglobin was 

monitored by absorbance of 415. mM and by lEF analysis 

of column fractions. 

7.1.2. REASSOCIATION OF GLOBIN CHAINS 
Reassociation of globin chains was performed 
essentially as described in Methods in Enzymol. 
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76:126-X33, 25 lambda of pig blood, 25 lambda of 
human blood, or a 25 lambda mixture of 12.5 lambda 
human blood and 12.5 lambda pig blood were treated as 
5 follows. The blood was pelleted at a setting of 5 on 
microfuge for 2 minutes, then washed three times with 
100 lambda 0.9 perceivE^'NaCl . The cells were lysed 
with 50 lambda H^O, then spun at high speed to confirm 
lysis. 50 lambda of the lysed cells was then combined 

10 with 50 lambda 0.2 M Na Acetate, pH 4.5, put on ice 
and then incubated in a cold room overnight. After 
adding 1.9 ml 0.1 M NaH2P044, pH 7.4 each sample was 
spun in centrlcon tubes at 4*»C and 5K until about 0.5 
. ml remained. Then 1 ml of 0,1 M NaH2P04 pH 7.4 was 

is added and spun through at about 5K until about 0.2 ml 
volume was left. The hemoglobin was then washed from 
the walls of the centricon tube,, an eppendorf adaptor 
was attached, and a table top microfuge was used to 
remove each sample from its centricon t\ibe. The 

20 samples were then analyzed by isoelectric focusing. 

7.2. RESULTS A^TO DISCUSSION 

7.2.1. HUMAN AND PIG HEMOGLOBIN WERE SEPARATED 
FROM A HEM0LY2ED MIXTURE OF HUMAN AND 
PTG BLOOD . 

25 Equal proportions of human and of pig blood 

were mixed and lysed, and the resulting hemolysate was 
subjected to DEAE chromatography as described supra. 
As shown in Figure 4A, pig hemoglobin sepearated 
virtually completely from human hemoglobin. This 

3® complete separation is stirprising in light of the 
structural similarity between human and pig 
hemoglobin; pig and human alpha globin chains are 84.4 
percent homologous and pig and human beta globin 
chains are 84.9 percent homologous. It is further 
surprising because, as shown in Figure 4C, when hioman 
cind mouse blood was mixed, hemolyzed, applied to and 
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elut^ed from a DEA£ column according to methods set 
forth in Section 7.1.1., supra . human and mouse 
hemoglobin were not observed to separate despite the 
fact that mouse and human alpha globin chains are 
about 85.8 percent homologous and mouse and human beta 
globin chains are BOTl'^'percent homologous. The ease of 
separation of human and pig hemoglobin on D£A£ resin 
appears to be both efficient and economical. 

Interestingly, the order of elution of the 
proteins from the cuiion exchange column was not as 
expected. Based on the relative pl*s of the proteins 
as deduced from the lEP gels, the predicted order of • 
elution would be first the hybrid (human a /pig jS) 
followed by the authentic human a/human ^. The last 
protein to elute from the anion exchange column then 
would be the endogenous pig a/pig p protein. However, 
under all the conditions currently attempted the order 
of elution was altered such that the human hemoglobin 
was the first to elute. The second peak was an 
enriched fraction of the hybrid followed very closely 
by the pig hemoglobin. 

7.2.2. HUMAN AND PIG HEMOGLOBIN AND HUMAN/PIG 
HETEROLOGOUS HEMOGLOBIN WERE SEPARATED 
FROM HEMOLYSATE PREPARED FROM A 
TRANSGENIC PIG 

Blood from transgenic pig 6-3 (as described 
in Section 6, supra ) was lysed by hypotonic swelling 
and the resulting hemolysate was subjected to DEAE 
chromatography as described supra . As shown in Figure 
4B, human hemoglobin was separated from pig hemoglobin 
and from human a globin/pig b^ta globin heterologous 
hemoglobin. As shown in Figure 4D, human hemoglobin 
was substantially purified by this method. 
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7.2.3. PIG ALPHA GLOBIW/HUMAN BETA GLOBIN 
HETEROLOGOUS HEMOGLOBIN DOES NOT 
APPEAR TO FORM BASED ON REASSOCIATION 

DATA . 

Heterologous association between pig alpha 
globin and human betarglobin chains has not been 
detected in hemolysates obtained from human 
hemoglobin-expressing transgenic pigs. It was 
possible, however^ that this observation could be 
explained by relatively low levels of human beta 
globin expression. Alternatively, association between 
pig alpha globin and htaaan beta globin may be 
chemically unfavorable • In order to explore this 
possibility, reassociation experiments were performed 
in which pig and human hemoglobin were mixed, 
dissociated, and then the globin chains were allowed 
to reassociate. As shown in the isoelectric focusing 
gels depicted in Figure 5, although pig a/pig /3, human 
a/human /3, and human ft/pig P association was observed, 
no association between pig a globin and human globin 
appeared to have occurred. Therefore the pig a/human 
j3 heterologous hemoglobin should not be expected to 
complicate the purification of human hemoglobin from 
transgenic pigs. 

8. EXAMPLE: SEPARATION OF HUMAN 
HEMOGLOBIN FROM PIG HEMOGLOBIN 
BY OCPI CHROMATOGRAPHY 

8.1. MATERIALS AND METHODS 

Clarified hemolysate from transgenic pig 6-3 
13mg/ml; Buffer A: lOmM Tris, 20mM Glycine pH 7.5; 
Buffer B: lOmM Tris, 20mM Glycine, 15 mM NaCl pH 7.5; 
Buffer C: lOioM Tris, 20mM Glycine, IM NaCl pH 7.5; 
Buffer D: lOmM Tris, 20mM Glycine, 50 mM NaCl pH 7.5; 
QCPI column 10ml Ecpiilibrated in Buffer A; Trio 
purification system. lOmg of hemoglobin prepared from 
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transgenic pig 6-3 was diluted in 20ml Buffer A. 20ml 
of sample was loaded at a flow rate of 5ml/min onto 
the QCPI column, and washed with 2 column volvuues of 
5 Buffer A. The column was then washed with 20 column 
volumes of a 0-50mM NaCl gradient. (10 column volumes 
Buffer A + 10 column"vblumes of Buffer D) and the 
O.D,28o absorbing material was collected^ The column 
was then cleaned with 2 column volumes of Buffer C, 
10 then re-equilibrated with 2 column volumes of 

Buffer A. 

8.2. RESXJVrs 
Analysis of the UV trace (peak vs. volume of 

15 gradient) (Fig. 6) revealed that the human hemoglobin 
was eluted at 15 mH NaCl. Subsequent pvurif ications 
have been perfoxnned utilizing the same protocol as 
above, only using 6 column volumes of Buffer B (ISmM 
NaCl) to elute the liuman hemoglobin rather than the 

20 gradient. In addition, non- transgenic pig 

chromatographed by this method does not elute from the 
QCPl with Buffer B, while native htuaan hemoglobin 
does. The protein that eluted at 15mM NaCl was 
analyzed on the Resolve Isoelectric focussing system 

25 and found to be essentially pure of contaminating pig 
hemoglobin or hybrid hemoglobin. 


9. EXAMPLE: HUMAN ALPHA/PIG BETA GLOBIN 
HYBRID HEMOGLOBIN EXHIBIT INCREASED P^. 

As shown in Tables II and III, supra , 

transgenic pigs of the invention were all found to 

produce significant amounts ofihuman a/pig globin 

hybrid hemoglobin (the pig a/human 0 hybrid was not 

observed) . Significantly, pigs that expressed higher 

percentages of hybrid also appeared to exhibit 

elevated values for their whole blood (Figure 7) . 
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Various publications are cited herein which 
are hereby incorporated by reference in their 
entirety. 
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WHAT IS CLAIMED IS: 

1. A transgenic pig that (i) comprises a 
nucleic acid construct encoding human a globin and 

S (ii) expresses human a globin in at least some of its 
red blood cells. 

~*~ 

2. A transgenic pig that (i) comprises a 
nucleic acid construct encoding human a globin and a 

10 nucleic acid constmict encoding human /3 globin and 

(ii) expresses humem a globin and human jS globin in at 
least some of its red blood cells. 

3. A transgenic pig that (i) comprises a 
25 nucleic acid construct encoding human a globin and 

huiaan jS globin and (ii) expresses human a globin and 
human j3 globin in at least some of its red blood 
cells • 

20 4« The transgenic pig of claim 1 in which 

the nucleic acid construct is the LCR a construct. 

5. The transgenic pig of claim 2 in which 
the nucleic acid constructs are the LCR a and LCR e/3 

25 constructs. 

6 . The transgenic pig of claim 3 in which 
the nucleic acid construct is the 116 construct as 
depicted in Figure lA. 

30 

7. -The transgenic pig of claim 3 in which 
the nucleic acid construct is-'^he 185 construct as 
depicted in Figxure IB. 
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8. The transgenic pig of claim 3 in which 
the nucleic acid const:ruct: is the /3pa construct as 
depicted in Figure IC. 

5 

9. The transgenic pig of claim 3 in which 
the nucleic acid construct is the hemoglobin Yoshiziika 
construct as depicted in Figure IF. 

10. The transgenic pig of claim 3 in which 
the nucleic acid construct is the hemoglobin 
Presbyterian construct as depicted in Figure IG. 

11. The transgenic pig of claim 3 in which 
the nucleic acid construct is the apj8(Aa) construct as 
depicted in Figure IH. 

12. The transgenic pig of claim 3 in which 
the nucleic acid construct is the 227 construct as 

20 depicted in Figure II. 

13. The transgenic pig of claim 3 in which 
the nucleic acid construct is the 228 construct as 
depicted in Figure IJ. 

25 

14. The transgenic pig of claim 3 in which 
the Hemoglobin Bologna construct is the 228 construct 
as depicted in Figure IN. 

15. The transgenic pig of claim 3 in which 
the nucleic acid construct is the 318 construct as 
depicted in Figure 10. "'^ 

16. The transgenic pig of claim 3 in which 
35 the nucleic acid construct is the 319 construct as 

depicted in Figure IP. 
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17 ♦ The transgenic pig of claim 3 in which 
the nucleic acid construct is the 329 construct as 
5 depicted in Figure IQ. 

18 . The transgenic pig of claim 3 in which 
the nucleic acid construct is the 339 construct as 
depicted in Figure IR^ 

10 

19, The transgenic pig of claim 3 in which 
the nucleic acid construct is the 340 construct as 
depicted in Figure IS. 

15 20. The transgenic pig of claim 3 in which 

the nucleic acid construct is the 341 construct as 
depicted in Figure IT. 

21 • The transgenic pig of claim 3 in which 
20 the nucleic acid construct is the 343 construct as 
depicted in Figure lU. 

22 • The transgenic pig of claim 3 in which 
the nucleic acid constrrict is the 347 construct as 
25 depicted in Figure IV. 


23. The transgenic pig of claim 3 in which 
the nucleic acid construct is as depicted in Figure 
IW. 

30 

24. The transgenic pig of claim 3 in which 
the nucleic acid construct is-"'as depicted in Figure 
IX. 

35 
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25, The transgenic pig of claim 3 in which 
the nucleic acid construct is as depicted in Figure 
1Y6. 


26 • A transgenic pig that (i) comprises a 
nucleic acid construct encoding humaai S globin and 
(ii) expresses human € globin in at least some of its 
red blood cells. 

27. The transgenic pig of claim 3 in which 
the nucleic acid construct is the 263 construct as 
depicted in Figure IK. 

28. The transgenic pig of claim 3 in which 
the nucleic acid construct is the 274 construct as 
depicted in Figure IL. 

29. The transgenic pig of claim 1, 2 or 3 
which comprises, in a single cell, at least twenty 
copies of a globin transgene. 

30. The transgenic pig of claim 1, 2 or 3 
in which the P50 of the whole blood of the transgenic 
pig, when non-pregncint, is at least ten percent 
greater than the P50 of whole blood of a non-pregnant 
non-transgenic pig at the same altitude. 

31. The transgenic pig of claim 1, 2 or 3 
in which the amount of human globin produced relative 
to total hemoglobin is at least- two percent. 

32. The transgenic pig of claim 1, 2 or 3 
in which the amount of human globin produced relative 
to total hemoglobin is at least five percent. 
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33. The transgenic pig of claiiu X, 2 or 3 
in which the amount of human globin produced relative 
to total hemoglobin is at least ten percent. 

5 

34. A method of purifying human hemoglobin 
from a mixture of hximan hemoglobin, pig hemoglobin, 
and human/pig hybrid hemoglobin, comprising: 

XO (i) collecting red blood cells from a 

transgenic pig according to claim 
2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24," or 25; 

X5 (ii) releasing the co ntents of the 

collected red-blood cells to 
produce a lysate; 

(iii) applying the lysate of step (ii) 
to a DEAE anion exchange column 

20 equilibrated with 0.2M glycine at 

a pH of 7«8; 

(iv) eluting the column with a 5-30 mM 
NaCl gradient; and 

(V) collecting the fractions that 

25 contain purified human hemoglobin. 

35. A method of purifying human hemoglobin 
from a mixture of human hemoglobin, pig hemoglobin, 
and h\iman/pig hybrid hemoglobin, comprising: 

30 (i) collecting red blood cells from a 

transgenic pig according to claim 
2, 3, 5, 6f-7, 8, 9, 10, 11, 12, 
13, 14, 15,16,17, 18, 19, 20, 21, 

22, 23, 24, or 25; 

35 
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XO 


5 


(v) 


Cii) 


Ciii) 


(iv) 


releasing the contents of the 
collected red blood cells to 
produce a lysate; 
applying the lysate of step (ii) 
to a QCIP column equilibrated with 
'iSfiM Tris, 20inM Glycine pH 5.0; 
eluting the coluum with 6 column 
volumes of lOmM Tris, 20inM 
Glycine, 15mM NaCl, pH 7.5; and 
collecting the fractions that 
contain purified hemoglobin. 


16. An essentially purified and isolated 
human/pig hemoglobin hybrid comprising human a globin 
and pig p globin. 


human a globin gene and a pig betia globin gene under 
20 "the control of suitable promoter sec[uences. 

38. A pharmaceutical composition comprising 
the essentially purified and isolated human/pig 
hemoglobin hybrid of claim 36 in a suitable 
25 pharmacological carrier. 


37. A nucleic acid construct comprising a 


30 
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■ . PRODUCTION OF HUMAN HEMOGLOBIN IN TRANSGENIC PIGS 

5 ; - 1- V .INTRODUCTION 

The \presentt invention .relates : to the use of 
transgeniai pigs; ff or*^ the. production of human 
hemoglobin. > -The* transcfenic -pigs of the invention may 
be used: 'as an efficdient and economical source of cell- 
xo free human.^-hemog*Xobin ithat may be used for - .:i 

transfusions and^other ma4ical applications in humans. 

.i ..AU.;. -J, 2ui BACKGROUND OF THE: INVENTION. 
^1- - i-'-. i-rr:-2.*.l.:: HEMOGLOBIN . .... 

^ ::3>vj}.». a^.jOxygeai absorbed through ,1Jie lungs : is carried 
by hemoglobi^n innred 'J:>lood ;Qells .for delivery to ■ * 
tissues throughoxtt. the. body. " At -high oxygen . tensions, 
such .as those: found in- tti:^ proximity of the lungs, 
oxygenMbindautoiiliiBmoglobin/ but is released in areas 

20 of "low oxygen, it ens.ion, where it is needed. 

Each. themoglob in molecule consists of two 

alphalcflobin ;an?i:rtwo beta globin subunits. Each 

sulMinit, id^n tium:^ ^is ^noncovalently associated with an 
ironrrcontiainihg^iheme jgroup capable of carirying an 

25 - oxygen . molecule ; >. - cThus , each hemoglobin tetramer is 
capable of ^binding four molecules of oxygen... The 
subunii^s.vwork tzogether in . switching between two 
confonniational states to facilitate uptake -and release 
of oxygen atfe the; .lungs and tissues, respectively. 

30 This f effect is x:otomoniy referred to as heme-heme 
interaction, or cooperativity. 

' The hemoglobins of many animals are able to 
interact witih biologic effector molecules that can 
further- ^enhance oxygen binding and release. This 

35, enhancement ds manifested in changes which affect the 
. allosteric equilibrium between the two conformational 
states of hemoglobin* For example, human and pig 
hemoglobin can bind 2, .3 diphosphoglycerate (2,3 DPG) , 
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which influences .the equilibrium betw.een .the two 
cpn^ormsitional. statues of the tetramer and. has the net., 
effect pjE^ jlowering the overall affinity for. oxygen at 
5^. th^,. tissue . level. , As a result, 2,3-DPG increases .the 
ef f iqi^nqjf . of oxygen . delivery to the, tissues.. 

i,.^- • : GLOBIN GENE EXPRESSION , . 

.-j.;^. . Hemoglobin protein is i^xpresse^ in a tissue 

10- spe9ific manper in red blood cells where-.it accounts, 
fQV ?^ggroximately ninety percent of total cellular , 
pi:pt^;i,n. . Thus, . red blood cells;, whicji. have lost their 
nyp^eus aq^i all but a minimal number of organellas, 
arg,^fgect:ively membrane-enclosed packets of . 
heppgjp^in, dedicated to oxygen transfer 

v/hj ch .w. .. .Humans^ and various other species produce^ ^ 
d^J^ejrent types pf .hemoglobin during embrypnifC, .^fetal, 
an?i,.3dglt.,dey€jl9pment^ periods. .Therefore^ . th.^; .^^ . 
t^cpp^p, tlif^p ^.nfluence globin gene exRyession.jTaust be 

20 able to achieve tissue specific control, quantitative 
cctfit^ol,. and regulated -opatxpl of 

globin expressipn^ ^ 

V i-: n-^ ...Human, globin genes are found in _ cluster?, pn 
chrpinpsomq. 16 for alpha (a) globin and chromosome 11 

2B, fjS^^.beta globin. The human beta globin g^ng,; 

cluster consists of about 50 kb of DNA th^t include^ 
orj^f embryonic^ gene encoding epsilon (e) . globin^ . two 
fetal, genes encoding gamma (7) G and gamma A gjpl?in^ 
apt^ij^two adult genes encoding delta (5) and bsta 

30. g5ipb4.n, , in that order (Fritsch et al. , 1980, ..Cell^^. . 
li: 959-972).. - , 

It has been found, that DNA: sequences both„ , 
upstream and downstream of the jS globin translation; 
initiation site are involved in the regulation of /S. 

35 glpbin gene expression (Wright et al., 1984, Cell 
3^-.263). In particular, a series of four Dnase I 
super hypersensitive sjLtes (now referred to as the 
locus control region, or LCR) located about 50 , 
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kildba*^^ lii^^reafni of th human beta globih ^ene aire 
ektremelyi ^iihportant in eliciting properly ^regulated - 
beta "globitl^iLoeUd lexpression (Tuan et al., ri985, Proc. 
5^ Natl. Acaa/ S&ir UiS. A^:j :83 : 1359-1363 ; PCT Patent 

Apfplictatioit'KO a9015l7 by Grosveld; Behringer et al., 
1M9.^ Science v245-r 97 1.-973; Enver et aX. , 1989, "Proc. 
Nati. Acad-. Sci. U.S.A. 86:7033-7037; Hanscombe et 
aiv; :i'9^89^: aenes DeV; 3:1572-1581; Van Assendelf t et 
XO al. , 19a9V Cell 56:967-977; Grosveld et al.^ 1987, 
Cell 51:975-985) . • 

* r: i iy-2i^\2 THE t^EED FOR A BLOOD ^SUBSTITUTE 

» -^'"^ aspects of globin : 

US- gene: i^expr;fe^i"6n have met - with . even greater interest * as 
researchers ^v^ye ^attempted to use -genetic engineering 
to ■ projdiici^' ;a isynthetie blood:^that would avoid^-.the - » 
p±tfal9m iQt dbnor ^genex^ted blood. In 1988, . .between 
12/milliori and >r4 million unfits of blood were used^ in 

20 ttie i United- (Andrews, February 18, .1990, 
New -York J Times >, an enormous volume precariously ^ t.t 
deiiendent' t>n .volunteer blood donations . About 5 • •* r» 
p^rceht^ot •'donated ' blood is infected by hepatitis 
Vir^xs (IdVK and, f although screening procedures for HIV- 

25- infection 'ar^e .generally effective, the prospect of 
contracting vtrdnsf usipn related A . I - d: S . remains a . 
much feared possibility. Furthermore, transfused 
blood must be compatible with the blood type of the 
transfusion recipient; the donated blood supply may be 
unable to pi-ovide transfusions to individuals with \ 
rare iaiood types.* In contrast, hemoglobin produced by 
genetic eng^ineering would not require blood type . 
matching, would be virus-free, and would be available 
in potentially unlimited amounts. Several research 

35 groups have explored the possibility of expressing 
hemoglobiin ^ in microorganisms . For example , see 
International Application No. PCT/US88/01534 by 
Hof fman^and Nagai, which presents, in working 
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esicciinl^ies , production of human globin'^protein'-'in"'£.''' 

5^ r;^ -2.4. TRANSGENIC ANIMALS *• r*--*^-: 

A "transgenic animal is a non-human- an iiial 
containing at least ofte* foreign gene, * c&lied'-a • 
transgene> in its genetic laaterialr- Preferably;' the 
transgene is contained in the animal ' s -geinri- 'line such 

3^0?; that -it can be transmitted to the animal's offspring. 
Ar-number of techniques may be- used to introduce' the ^i' 
transgene into an animal's geftetic material >^ • = 
including, '±>ut not limited to, microinjection of the 
transgene into pronuclei of fertilized eggs^'^nd^ 

2^5^ c. manipulation of embryonic stem cells (U. S. ' Patent 'Nov 
4;.873;191 by Wagner and Hoppe; Palmit^r and Brinster, 
1986> Anniv.:Kevv- Genet. 20:465-499; French ^Patent 1> '^'^^ 
Application 2593827 published August 7 > 1987) . 
Transgenic -animals may carry^ the transgene ih-'-^ll'^^e. 

20 .' their :cells : or may be' genetically mosaic; - 

» .. Although the majority of studies '^hafVe 
involved transgenic mice, other species of transgenic 
animal have also been produced, such as rabbi ts^^^ tH- 
sheep-^i pigs (Hammer et al., 1985, Nature ^ 315:^*0-683*) 

2Sv and chickens (Salter et al* , 1987-. Viroldcry ^157 1-236- ^ " 
240) . \ . Transgenic animals are "cuirr^ntly toeing^ 
developed ^© serve as bioreactors for the 'producti^sn 
of useful pharmaceutical compounds - fVan Brunt)* -1988, 
Bio/Technology 6:1149-1154; Wilmut et al., 1988/ H&r^ - 

2ot Scientist (July 7 issue) pp. 56-59). ' iy] 

Methods of expressing recombinant protein 
via transgenic livestock have an iihportant theoretical* 
advantage over protein production in recombinant 
bacteria and yeast; namely, the* ability to produce * 

35 » large, complex proteins in which post-translational ^ 
modifications, including glycosylation, 
phosphorylation, subunit assembly, etc. are critical 
for the activity of the molecule. 
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In practice, however/ "th^^ 
transgenic i vest oclc** has proved' prdi^i^matiic. Tlot* only . 
is it technically difficult to produce transgenic 
embryos V but mature' transgenic >irtimais^that produce 
significant quantities of recoinbinan€''prbteiri' ^"ay 
prove inviabie. In pigs 'in paiftictilaf / iihe' ejtpet'iexice 
has been -that pigs carrying a gtowtH 'hofbdSfe en^ 
transgene (tKe only trarisgerie 'int'rbc^iiced into' pigs 

'10 prior to the present invention) s'lif^eiifed Ifrom a number 
of health problems/ ihcluding severe iairthti^ lack 
of* coordination in their rear legs, susceptibility to 
Stress, anoestnis in gilts arid lack of libido in boars 
(Wilmut et al., sugra) . This is in dontrast "to 

-is transgeriid: mice carryiHg k ^o^priioii^ ^^g^, 
which appeared to be healthy ' (^aliaiter 'eti' ar.'7'^1982. 
Nature 300 : 611-615)'/ ^ Thus pf i br "to ' t:tfe~^ prescrit " 
invention, healthy transgenic pigs (WHich efficiently 
express tbeir trknsgene (s) ) 'hot' been' 'firod^ 

20 

2.5. EXPRESSION ojp 6£oBIN GENES IN TRANSGENIC ANIMALS 

Transgenic mice carrying liuman glfofexh 
transgehes have been used in ^tiidyiriV the^ m614tular ' 
biology of globin g^ne" expression J ' '^^'h^ *' 

25 mouse/htunan adult beta ^lobiri geYle *Was' 'S^sciribed by 
Magram et al. in 1985 '(Nat\ire 'ilMi3^&-:i'4t^^^ Kollias 
et al. then reporteii regulated' e^^ifession of Hiiinan' ** 
gamma-A, beta, and hybrid beta/gainma glotin geh^s in 
transgenic mice (1966, Cell 46:~89-94y'l ^'Ttdrisgehib 

30 mice expressing human f eta!l gaima' glbtiri 'were^ 

by Enver et al. (1989, Procv N^tV'r'Ac^a. Sci. U.S.A. 
86:7033-7037) and Con^'ta'nttiulaKis' et aT. '^(1991; Blood 
77:1326-1333) . Autonomous developmental control "of 
human embryonic globin gene switching in transgenic 

35 mice was observed by Raich et al, "(i'990, Sciehce 
250:1147-1149) . 

Transgenic mouse models for a variety of 
disorders of hemoglobin or hemoglobin expression have 
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been developed ; • including ^ickle»-.ceil disease. (Rubin 
:et: ali , 1988, Am. j.w Human -Genet. ^ 42.:585-591; Greaves 
et al., 1990,. Nature 343,: 1»83*-19^5;. Ryan et al., 1990, 
5 Science 247: 566-^568; -Rubin et al . , 1991, J- Clin. 
Invest. 87:639-647) f thalassemia-i (Anderson et al., 
1985, Ann. New York-Acad;>i-Sciv:*'(USA) 445:445-451; 
Sorenson et al.,. .1990> Blobd '7511333-^1336) ; arid - 
hereditary persistence. of -fetal hemoglobin (Tanaka et 

10 al., 1990, Ann- New Yoirk:-Acadi'-gGi. (USA) 612^ 167- 
178) : ■ : -! • ' : • f 

Concurrent' express idn of human alpha and 
beta globin haBi*led' to- the production of human 
hemoglobin in transgenic mice : (Behringer et al. , 1989, 

15 Science 245^97 lri973; Townesi et ali/ 1989, Prog. Clin. 
Biol. Res. 31j&A:47-6lF Hahscombet-et al. , 1989 , Genes 
Dev. 3:1572f-1581) .* it 'was -observed by Hanscombe et 
al. (su^ra) -that= transgenic fetuses with high copy 
numbers of a transgdne^-encoding'aljpha but not beta 

20 globin exhibited ^eVerecanemia ^and died prior to 

birth. 'Using: a -construct withl both human alpha and 
beta globin genes under, the control of the beta globin 
LCR, live micei with, low copy numbers were obtained 
(Id.). Metabolic labeiirtg^ experiments showed balanced 

25 mouse globin synthesis, but imbalanced human globin 
synthesis, withoan alpha/beta biosynthetic ratio of 
about 0.6 (Id;.).' --- - :. . . 

3 . ; t SUMMARY OF THE IIWENTION 
30 The jpresent* invention relates to the use of 

transgenic pigs fon the production of human hemoglobin 
and/or human globin.> it ,is based, at least in part, 
on the discovery that transgenic pigs may be generated 
that express ..human hemoglobin in their erythrocytes 
35 and are healthy, suffering no- deleterious effects as a 
result of heterologous hemoglobin production. 

In particular embodiments, the present 
invention provider for transgenic pigs that express 
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huiKtan- globih genes. :.Such animals .may .\be used asv.'aj- 
particularly efficient and economical source.of r hyman. 
hemoglobin^ in light of (i) the .relatively short 
5 periods ^of gestation and sexual: maturation, in^pigs; 
^ii) the size and frequency of litters, (iii) the 
relatively - large size of .the pi^ which provides /' . :. 
proportionately, large yields df hemoglobin ;'..and.>.(lv) 
fiinctionalv similarities between pig and human 

xo hemoglobins- in the regulation of • oxygen bindiri^.-vi.* r 
affinity which enables the transgenic pigs , to; remaihx 
healthy 'in the presence of high levels of human . 
hemoglobin. --^.if •. 

•v : ..; The present -invention also- provides^ for 

X5 recombinant nucleic acid constructS'^thatimay'^;be .used 
to generate transgenic pigs In ■ preferred.- *. i • 
embodimentpv" such constructs place the .humane alpha:^ and 
beta gHobin genes under the. same promoter so as to 
avoid deleterious - effects of -globin. chain. imbalance 

20 and/ofvtitration of transcription factors due- tot ^ 
Sortstitutive; jS-rglobin promoter • activity, in^an 
inappropriate, ceil type (e*g. :.a. primitivet: . . i . n 
erythrocyte) In other preferred embodiments of the 
Invention, the constructs comprise , the pig- jadultj.b^ta 

25 globin gene,- regulatory region, comprising the promoter 
6r- .the 3 * region of . the' pig beta globin igene . 

In an additional: embodimentv^'the present 
invention provides for a hybrid hemoglobin tha^.^ 
comprises human a globin and pig .globin, .i.The >Whole 

30 blood from transgenic, pigs expressing thisi.hybrid.:^: 
hemoglobin appears to exhibit a Pj^ that is;. ; r - 
advantageously higher than that* of native human or pig 
bloods-' 

The present invention also provides for a 
35 method of producing human hemoglobin comprising (i) 
introducing a human alpha globin and a human beta* * 
globin gene, under the control of a suitable promoter 
or promoters, into the genetic material* of a pig- so as 
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tp create a transgenic pig. that ^^^xpres^^s jtiuman, 
hemoglobin in at least some of its red blopd cells; 
(ii) collecting red blood cells from the transgenic 

^5 pig; (iii) releasing the .cpntents.^of tjie, collected red 
blood cells; and (iv) . subjecting the . rel(easej3 .Ppntents 
of the red. -blood cells to a purificaliion^ procedure 
that substantially: separates human,. hemoglobin, f r^pm pig 
hemoglobin. In a preferred embodiment of the 

10 invention, human hemoglobin may. be separated frop pig 
hemoglobin by DEAE anion exchange colvimn . ; , 
chromatography:* c : • 5 u - 

- 4 - .. DESCRIPTION OF THE FTCURES . . 

3^5 Figure 1. Recombinant nJiupleic. acid,. consjtrJU^ 

. A. ConstructnaajS. (the- "116. -constrict) f, B. 
. Construct APi? (4^e "i?5'V.ppnstfAipt,>:;.>iC,: Construct 
iSpa <the."290" construct); D. Construct cpfiffa; E. 
i Construct .fp.eapi3;-.F- : Construct; ap^S. parrying a 

20 iSlO^B. Asn : Asp ..mutation (the .^hemojglobin 

Yoshizuka cqnsitruct?') ;. G..,.Cons,trupt ap/3 carrying 
a /3l08 Asn.-> Lys.mi^itatipn i(the: "bempglpbin 
Presbyterian, construct".)^* H., Construct. api3.(Aa) 
coinjected with .LCR. a (the ."2a5'V: construct) ; I. 
,^5 Construct apiS carrying an « l3-4,vaihr -> Cys, 

.mutation (the "22.7.V. construpt.);;, J,. Construct ap/3 
carrying .an..al04 Gys->,,,S^j:^.jnutat:ion (the . "227" 
construct), a ^93 Cys -> Ala jp^ a /3112 

Cys -> Val., mutation (the VZ285'oConstrixct).; K* 
30 Construct ap^ (the "263" construct) ; and L. 

Construct ap5(Aa) coinj^^ct^d wit^h I.CR q (the 
"274" construct); M- Construct LCR a coinjected. 
with LCR eP (the "240" construct),; Construct 
apiS carrying a .ftei Lys ->. ;Met ..mutation . (the 
35 "Hemoglobin Bologna" construct:)-;r,p^- Construct LCR 

cajS (the "318" construct);. P. Construct LCR aefi 
(the "319" construct); Q.. Construct LCR aae^ (the 
"329" construct) ; R. Construct LCR ac(P«j3p)j^ (the 
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"339" cGnstr;uct).; S^;TCQQStruct).0Epi3 carrying an- 
. - ia75 Asp .Qys . mutation r (the "340" construct),;^ *T. 

- Construct apjS r.oarryi^^g an ti42 -Tyr -> Arg mutation 
5 . (the-"341" constiruct).;. U.. Construct LCR efiact (the 

>:M343" construct); V. Construct LCR ejSa (the "347" 
construct) ;:^W*; Consti^uct ' <rpj3 carrying an a42 Tyr 
.... --> Ly^ mutation; X. .vG.onstruct„jQ:pi8 carrying an a42 
. Ty^ "> Arg mut^ation;;^. ai)d. a^jiSS!^} Asp -> Glu-.: 
. . .^ mutation; . Y. Cpnstr-uct, -apiSt oarrying an a42.Tyr -> 

. Ly^ mutation; :ancica.^)S99 Asp /:r> ..Glu mutation* 
Figure. 2. Transgenic .-pijg*. i . /.i ; . : - 
Figure ,3,. . Dempnstration joC hjaman hjemoglobin . 

- r : .^icpression.4n transge.niQ/,S^ig?^^^^ A,. Isoelectric 
X5 * f ocusi^ig ..g^L vanalysi^ ^ , rB^o iT^iriton-^acid urea gel 

Q.f .liemo^ysates. ofi,,?r)^ .^Xpod hqells representing 
r humaji b^ood : (2^ntB.rl>-:;t.lJaljoQj:^^ 
...^.,12-1 (Xi^n.^: 2) 19^(3, rX li*ne 4) >*..aTid ,6-3 (lane 4 ) ; 
. , . and -pig bl0p4 (4i&J).^c&)i cshgws f^nder,-texpression. of 
20 - human ff g lob in relative/ iftojiuman ;a globin in the 
. .transgenic , anifnaJ;«yA.'. 
Figure 4. -geparaitiipn pfi/ human, hemoglobin and pig 

• hemoglobin i by :X^EAE ^hrioiqatography * A. Hemolyzed 
mixture of hum^n :^ndiP,ig rexj. , blood cells; B. 
25 - Hemqlysate.xp.f-; ^;edtb.lpod - cells /col-lectedT from 

- ^^ tiransgenic pig.;6r3.i otCv^Huraari and mouse . - r-j 
..hemoglpbin ».dp :Ttflft .s^^ratet: by -DEAE chromatography 
. under these .conditions-.. : D*.. Isoelectric focusing 
of humaji hepipglobii^rpurif ied from pig hemoglobin. 
30 Figure 5. Isoelecteic fQpussring gel of. reassociated 
pig hemoglobin: (lane .1) ;. reassociated pig/human 
hemoglobin mixt^ure (lanes. v2 and 4) ; reassociated 
human hemoglobin ..(lane 3),;.. and . transgenic pig 
hemoglobin (lane 5).v. 
35 Figure 6. .Separation ,pf .jhuroan hemoglobin by QCPI 
chromatography? vc- - \t- • - 
Figure 7., Oxygen affinity of transgenic hemoglobin. 
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Fi^gyre i8.t PN^^ ,siqquej>ce of the pig adult beta globin 

gene .regulatory, region^- including the promoter region. 

Sequence extending tp 869 base pairs upstream of the 
5 ATG ii:iitiatQr codpn (boxed) ,pf the pig beta globin 

gene -is shown., Th^ position of. . the initiation of 

mRNA^ the ,cap :Sit,e^ ,is indicated by an arrow. , The 

sequences^, corri^sppnding to GATA transcription factor 

binding. .^ite^ ;are underlined. 
XO Figure, a** Comparison of pig (top) and human (bottom) 

beta .globin..reguLatoiry .sequences. Differences in the 

two, sequences ,^re,. marked by asterisks. 

Figure 10.; j.f.CJr^ph jd^pijcting the percent homology 

between ^pig, and human adult beta globin gene . 
15. r; . v :^<^9^icit:p|iiif . sequences, ,with base pair distance 

-f ^lom ;t|>e ii>4ltiator codon mapped on the abscissa. 

- .A.^c|ompai,r4.soi>cpf^.m^ and. human sequences is also 

- I ..showpi. (cjotted. line with error bar) . 

Figvuce ;iX,.^ If^p pr.plasmid pgemS/PigjSPr (k) which,.,,, .. 
20, ^PP'tains tlie DNA. sequence depicted in Figure. 8... 

Figure 12^ .Representation of the 339 and 354 

casseitt.es ;^or the. production of human hemoglobin , 
: in itr^rjsgjsnic, pigs. 
FigvuTfii , 3.3 ,r ,Map of plasmid pSaf /Pig6 (k) , containing. 
25 - /th^. PAS e^.gene. 

Figure; ;a4 .^ vfl^^resentatlon of the 426 and 427 

expres^sipn cassettes for the production of €**j. 
^humm g^jj^j^ Qjbimun hemoglobins in transgenic pigs. 
Figure 15. Isp-relectric focussing gel .of hemoglobin 
30 I: produced by, ,.t;ransgenic pig 70-3, which carries , 
the ^39 construct, and by transgenic pig 6-3, 
which.. carries, the. 116. construct. Human 
^hemoglobin is run as a standard. 
]?iguriB 16^ , Map of plasmid pig3'iS containing the 
:35 3. 'i.end of the pig beta globin gene. 

Figure 17. \ vTransgenic pigs obtained from construct 
"339". (See .Figure IR) . Levels of human 
hemoglobin expression and copy number are shown. 
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Figure 18 , Isolelectricr ^ocusisiag. g&l of henioglobin 
levels in transgenic pigs obtained: tusing 
„. construct "339". = - , - v :.r , :^ 

5 Figure 19. Isoelectric focussing; gel ^demonstrating.: 

levels of - hemoglobin expression in -representative 
■ transgene: positive 38^4 offspring cainrying -the 
- .^ "485" cpnstructi <.or C£pi3 oonstructr; ;see Figure 
--•-•IB).. . ... -.-M,. -.-j-'^i.. -• 

Xp Figxire 20; Molecular modeling of hybrid: i^uman a/pig p 
and human ay human jS hemoglobin /molecules .c^ : jS 
subunits are in blue>:.OE .subunitsi in red. Above 
, the. middle helix of -the ;)3 humane (jDlue) one can:* 
see a gap;in the ^ green . contour i(see aronow-) :. r -in 
15, the hybrid this gap is^.f iled.-.din. ..I\his difference 

. is due , to a.-.change at.i8ii2 C^s—>->Yal-i where - m- 
Valine contributes . to greater hydrophobic 

: i . InteraCtiOnSv.. : :-r. m\.:;,.. ^v^/: ^ . - - 

Figure 21. , Molecular* modeling demc^striati^' the.-. 
2D;. differences^ at : the . cti^i interf aoer between a * fi 

globin containing eys at position! 112 (the /yellow 
molecule) and a jS globin^.wdith, Val at. position 112- 
(the white molecule> Gys< is): yellow, J^al is 
white and the opposing va- Interface, is red. , Val 
2S. is flexible.- One: arm of 'its:: branch can. easily 

- move, for a nearly perfett fit against the a 
subunit residues. -Ther yellow. Cys- is : slightly^ 
further allowing for a small .gap. <see feirrow) . 
Biosyn's standard default VAn -der. Waal:»s distance 
30 was used. - • . : ; ,^M.- 

Figure 22. Purification of Hb Presbyterian f rom • - , 

transgenic pig hemosylatei.^ \- - . 
Figure 23. - Characterization of purified Kb ^ 

Presbyterian by-HPLC showing separation of the 
35 heme moiety, pig a globin ("p alpha"), human beta 

globin ("h beta") , human alpha :globin ("h alpha") 
and pig beta globin ("p beta")i. 
Figure 24. Oxygen binding curve for Hb Presbyterian^ 
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Figure 25i ' »Puraf icsation of^ Hb^Yoshizuka-^from 
- - transgenic ^pi^i'heiaolysate. » 

5 r 5. DfeTAIIi.ED DESCR^EPTION OF THE INVENTION 

The ^presisnt^ in Vent ion. provides for a method 
of producing human 'hemoglobin that- utilizes transgenic 
pigs>.>nover'globin^^enGofiiiig-'nucieie. acid constructs, * 
and tiransgfeftiC^'pi^s" thkt^ eStpress' human^ hemoglobin^ . 
2j) For^ purposes of ^ clarity'^ of- description; and not by-way 
of limitatibn, thfe detailed description of the 
invention is divided into;- the. following subsections: 
: ; T, - (i) * .preparation, of globin gene constructs; 
• i:.: <li) i pr^p€iratibn*»of tra.nsgenic pigs; 

• w^lii) : .. prieparation^bf' human, hemoglobin and 

: .f . T;tritfe'i* sejpdrat ion from pig hemoglobin;. 

• -/ -ivrio. and 

<iv) prfeparatlijn ■ of htimdn/pig hybrid ' 

■ - » CO »hembtf!10binV'.- > • 

IV t - S^lv^ ^ PREPARAl?ION^:eF^ GLOBIN^ GENE CONSTRUCTS 

vi i -^<rhe present: itivehtibn provides for a method 

of producing »hu«i^n» glob^in and/or hemoglobin in 
trahisgenic* pigs^: H^iman** heiDogdobin is defined herein 

^'5 to refer^'to*hfemOglobin formed by 'globin' chains encoded 
by human* globin ^fene^-' (including alpha beta, delta, 
galBma;**tepsHon-and^ zeta genesf) or-^^ variants thereof 
which aire naturally-' occurring or the products of 
genetic engineerihgi Such variants are at least about 

30 ninety percent 'homblb^oti'sv in- amino acid sequence to a 
naturally occunring- human hemoglobi^iw In preferred 
emb^)diments, the' human hemoglobin of the invention 
compr^ises a human alpha globin and' a human beta globin 
chain. The human hemoglobin of the invention 

35 comprises fit* least two different globin chains, but 
may comprise more than two chains, to form, for 
example, a tetrameric molecule/ octameric molecule, 
etc. In preferred embodiments of the invention, human 
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heinoglobin -.consists of two human alpha globin chains 
and; two bxiiaan:-betia -iglobin chains. As discussedi infra* 
the .presents, invention also: provides for hybrid 
5 hemoglobins .comprising -human a globin and pig /S. - > 

globin'.'-'-.'-r. ^-C^:-. • • - , - - 

' c:;A6>cordi^g to -particular embodiments of the 
present invention/ at least one human globin gene, 
such' asianhuman>iaflpha'"and/or ^a human beta globin gene, 

10 uiider tWlci^ntorQi ^of -a suitable promoter olr promoters, 
is . inserted I Into J the genetic material of a pig-so as 
toDcreatej^a '.transgenic pig that carries human .globin 
in^^at least ) some vcf its -red blood cells. - This ^ 
requires thehpreparation of appropriate recombinant 

25 nucleicf acid'ise^ences. -In preferred * embodiments-^ of 
the .inVentlon,i'iJt)otih'human a and human 'jS genes Lare ^ -. 
expr^fessedv cjlnxan eilternative embodiment, only human -d 
globin idr human iSi globin is expressed. In further- 
embodiments y^uhtiuaahr embryonic or- fetal globin gene§ are 

20 expressed loir iar^^^^sed .as' developmental expression ' 
regulators;^iof> adult -genes. ' i-:'-, 

ci*-, cHumAniialpha and. beta globin genes may be. */ 

obtaineduftom- publicly available clones, e;g. as- 
describedii'h^Swanson et al., 1992, Bio/Technol<: > 

25 10s557.r^559c Nucleic acid sequences encoding htunan 

alpha and j/beta globin « proteins may ; be introduced* into 
an;;animal3:Vi^ two- different species of recombinant « 
cbnstruqtsy one which .encodes human alpha globin, the^ 
other' encoding human beta globin; alternatively, and 

30 Preferably;. >bothjalpha and beta-encoding sequences may 
be.^comprised in the same recombinant construct. The 
pig.ifepsilon. globin gene is contained in plasmid^ • 
. psaf/pig e (k) ; (Figure 13), deposited with the ATCC 
andvassigned: accession number 75373. 

35 1- i.x A. suitable promoter, according to the 
invention >-( i;S' a promoter which can direct 
transcription of human alpha and/or beta globin genes 
in. red blood cells. Such a promoter is preferably 
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Selectively active in erythroid cells. This wbuld 
include, but is not limited to, a globin gene 
't>irotnoter , sUch as the human alpha, beta, delta, 
-5 epsilon o!r zeta promoters, or a globin promoter from 
another -species. It may, for example, be useful i:o '* 
^utfiiize 'pig globin promoter sequences Fbr' eitaimple, 
ets' discussed in Section 10, infra, 'the use of the 
ehdogeribus pig /3 globin gene eontrol regioh, as'^'^'* " 
'"cbritatified in plasmid Pgem5/Pigi3pr(Ky, deposited with 
'tlie ATCC and assigned accession number 75371 and ' 
.h^Vihg the sidquence set forth in Figure 8,- has been 
•shciwn to operate particularly efficiently. The human 
'dlpHa "and lieta globin genes may be placed under the * ' 
^cdftttol of 'different promoters, but/ sihc^* iTt 'h"as**been 
-inferred that vastly different levels df gltibiri x:hain 
'j^irbductidh may result in lethality, it-'may *be ' 
^ef etablfe- to place the human alpha arid beta* ^I'dtfin 
>gertes' "uhdel: the control of thfe same promoter' sequence. 
^Tt 'or-der to avoid chain imbalBnce "arid/or trtr2(tidn of 
^tir^nscript'ion factors due to constitutive jS-^l'db'in 
iJrcfmoter activity in an inappropriate cell' 'type,- i^ is 
-des'irable to design a construct which leads' td *'*' 
codrditiate expression of human alpha and b^£a 'gldbiH'' 
^enes at the same time in development arid at ' * 
quantitatively similar levels. 

In one particular, non-limitirig'*6Dibodiment 
of thfe invention, a construct comprising the *a&/S 
construct (also termed the "116" construct; Swa'hs'dh '^t 

'^0 *ctl'; , 1992, Bio/Technol. 10:557-559; sree Figure lA) may 
be utilized. Although this construct," \/hen' pirefsent as 
a transgene at high copy number, has Resulted' in* 
Adeleterious effects in mice, it has been used to 
produce healthy transgenic pigs (siee- Example Section 

35 6 > infra ) . - i 

In another particular, non-limiting ^ 
embodiment of the invention, a construct comprising 
the apjS secjuence (also termed the "185" construct; see 
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• Faigur6^^1B)>'*inay' -be used ^ * ' Such • ^coristruct has the 
•advantage csff piaLcing^bcrttt alpha -and beta globin- 
eTidoding- sequeric^s "^ihd'ear - the * contf dl of the same 
5 promoter (tshe alpha globrn promoter ) 

. . ' iiv anoth^r^^>^irtdcular, non-limiting 
embodiment df- the? ■iftv6nt(i^n, -a conistruct coding for 
di-arlpha globih' lilce'^pts^iypeptideg nlay be introduced to 
f orm tfr&nsg^^ic pigs "^tl^at prdduce human hemoglobiiis 
tio "^ith decreased dlrier-izatidn^ and an increased half -life 
(WO Patent ^013i&4 5 - ; . 

'In Jye!£ ^another particular, tton-limiting 
embodiment tof tam' - invention, a construct comprising 
cbhe humaxr a'dult '^itpha- glTofbln and epsilon globin gene'/- 
-15 tJie *.pig :beta gltobin gene control region and the human 
^setaff globi^ Jgfene'tCthe')*«'3a9^ iconstruct, sfee Figure IR) 
rroay.^bej'-usfedi -^'='^-3 -^v o; the i:^, . ^ 

.. . : J J'ur^hfeinoao^rev *tHe »iric6rpdrat of a human or 

pig ep&iloTi- giobiri^ jcnetVe iiftb 'the ^Goristihict may 
facilitate ^he^produdtOEdn' of high= hemoglobiii levels • 

pig epalibri^igldbijf »^i^eh'e may' permit correct 
developmental regul^tidn dt the adult /S globin gene. - 
High aevelsr^VfiJ es^pr^sion bf introduced adult alpha 
globiri g^"ne-(si^-mayt result -ih' a chain imbalance problem 

25 during. dritrauteri«ne disvelopment of a^'transgenl pig 
embryo' (becaiase ecri adult beta globin gene in the 
constiruct vKDuOd -Tiot yet ;i>ei< expressed) thereby 
compromising the viability**^of * the embryd. By 
providing high lev^lasj of embryonic globins during 

3D development,, the viab^rity of such embryos may be 

improved. The"'pig epsi Ion 'globin gene, as contained 
ih plasmid .pSa*f/Pig~t , deposited with the ATCC and 
assigned accession number 75373, is shown in Figure 

35 *- Th^ present invention, in further specific 

embodiments, provides for (i) the construct /Spa, in 

which the*' human alpha and beta globin genes are driven 

by separate copies^ of the human beta globin promoter 
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.<EigurevlC) ;» i(ii) the €pf)3pa- construct, whi<?h . 0^ 
coxttpajis^Scrhuman. embryonic genes ;zeta. and epsi Ion under 
4:hei control j of the epsilon promoter and- both alpha and 
5 beta- genes. I under the control of the beta promoter.. 
v(Fagure:.aD) the fpeap^ construct, which, 

comprdsesv human embryonic genes zeta and epsilon ; under 
*he control, of ..the zeta promoter and both alpha and 
betaogenestimnder the.<:ontrol of the alpha promoter. 
iOFigva:BolE) ;^'{iv). the ap/S construct .parryiiig a. 
mutation that results in an aspartic acid , residue. . 
^rather, th&n- an asparagine residue) at. amino acid t 
^umbetcaosaof ^ globin protein,., to produce hemoglobin 
tYojsbizuka it Figure IF;, construct "294"); (y) the: otpjS . 
^ iConsttTOCt-.carrying: a mutation- that results -in a lysine 
•resa<lu0 (irathier than an asparagine residue);;.^t s^iaino 
:£uaid:.awamber j:108 of -^-glxjJain protein, to .produce u l i: 
4iemoglobini Presbyterian : ( Figure. IG , construct f\y ; 
.i(Tvi^r.wth* flEpjSi(Aa) constriuct, coinjected ;.with . LCR ot; » 
30 ivrtidctii.ipomprises: the human jS-globin .gene... under .the 

pontrod -ofj the human a^^globin promoter andf a . separate 
jnuciei^i.aGdd> fragment comprising the human la-globin 
?genei: under i 'its own promoter (Figure IH) ; (yii). the ap^ 
.construct -carrying a mutation that results in .a 
rZB oyfeteine residue (rather than a threonine residue) at 
-amihQ acidi number 134 of a-globin protein ;(Figure II) ; 
Jfviii) . this apP construct carrying a mutation that, : 
results in a . serine .residue (rather than a cysteine 

residue) at amino, acid number 104. of the xt-?globin- i , 
qprotein^ci.an jalanine residue (rather than a. cysteine .. 
tresidue) at amino acid number 93 of the jS-globin 
fprotein and- a valine residue (rather than a cysteine 
:resadue) at amino acid number 112 of the )8-globin 

protein ^(Figure IJ) ; (ix) the apS constructyvWhich : 
-35 comprises the human adult a-globin promoter under, its 

own .proiottoter and the human 5-globin gene under the 

control of the human adult a-globin promoter (Fig. 

IK); ix) Construct ap5(Aa) coinjected with LCR a> 
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HAihti comprises the human 5-gl-obin gerie Uhd^r trhe - 
€f6h€f6i of ^ the human a-gioBih promoter and a * sep^rafce^ 
hdclfeicaciS fragment comprising the* huAan- a-globin 
§ ^drie "under ^'its own promoter (Fig; IL) ; (xi) •^oh^ttii6t 
fiCR d coirijiected with LCR" 6)5/ which comprises the 
hfiiriah' a^gidbin gene under^ ilhe control its own * 
pfroiibtfer ahd.a separate nucleic acid "fragment'' ^ 
dofij^tising the human embryonic e^Iobin^gei^e and the 

15 i^duit j5-globin gene under the control of -th^ir own 
pPotiiotJ^rs (Fig- IM) ; (xii) the apjS constlruct caffyiri^ 
S'^utation "that results ih si methionine residue 
(rather thkn a lysine residue) at amino acid humber^6i 
8f-the*^cr^glDbih protein (Fig-. IN) ; (xiii)^- the edjS 
d&n^trucfcv ' Which comprises the humati emfar yoriie "^pMilon 
^4n^)^ tfie human adult alpha globih g^he artd»i:he ''hu^ 
kauit bet^ globin gene linked ih tandem ffom^sr^^to 3* 
*(Pi§^ iO)^* (xiv) the acjS construct, which vcomprises 
the-htimah' iadult alpha-globin gene, the human embryonic 

20 epsilon glbbih gene and the human adult b^ta globin 
gi^he^^' linked in tandem from 5»- to 3^ • (Fig; ' lP)i> (*xv) 
the ^ifct€^ ' construct, which comprises two - copies of the 
htunah^ adult alpha-globin gene, the -human eiftbryonic 
e^iiilbh globin gene and the human^ aduit beta globin 

2% ^enfe lihkisd in tandem from 5 •-•to 3' {Ffgv^lQV; (xvi) 
thfe* fa£€ (^'^p)fi coristiruct, which' compris^es th^ htm 
kdUlt alpha-globin gene, the hutadn embryaiiic-ep&iion 
globin gene ai^d' the human adult betia* globin genfe- under 
tHe cbritrol of the endogenous porcine adult bet^i 
fcflbbin promoter all linked in tandiam' frbm^S'- -to* 3» 
XFigi IR); (xvii) the apjS construct carrying 'a 
inutation that results in a cysteine residue (rather *^ 
than 'an aspartic acid residue) at amino acid number 75 
of the a-gl6bin protein (Fig. IS) ;■ ^(xviii)^ the apjS 

3*5 construct carrying a mutation that results in^ an 

argitiine residue (rather than a tyroisine residue) at 
amihb acid number 42 at the a-globin protein (Fig. * 
IT) ; (xvix) the LCR ejSaa construct, which comprisies 
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the human embryonic epsilon -glbbin gene, the * hiiman 
adult beta globin gene and two eddies of .*th'e 'human 
adult alpha-globin gene linked i-h tandeta'^-^rom -to 
5 3» (Fig. lU); (xx) the LCR ejSt^ construct; which 

comprises the human embryonic epsilon gliobih- gene, the 
human adult beta globin' gene* 'aftd the humaiV 'adult 
alpha-globin gene linked in tandem from- 5*- to 3»* 
(Fig. IV); (xxi) the ap^ cohst^ct carrying' a mutation 

^0 "that results in a lysine residue - (Tather * than a 

tyrosine residue^ at amino acid nilmber 42'of -the a- " 
globin protein (Fig. IW) (xxii) * the* apj8 construct - 
carrying a mutation that results in an ai^ginin'e 
residue (rather than a tyrosine residue) aPt amino acid 

X5 number* 42 at the a-globih prot^'imanU i'*'giutamic acid 
residue (rather -than an aspart:i<; ad'M *' i^esid^e}' ' ^t * . 
amino acid number 99 of the /S-globlh >r6teirl i (Fig. 
IX) ; ' (xxiii) the apjS ' construct ^ cairttyincf 'mutation • ^ 
that results in a lysine residUe^(l?ather tJian a 

20 tyrosine residue) at • amino acid ' niiliib^r >-42 of - the • a- 
globin protein and ' a glutamic acid ^-^sidue (rather 
than an aspartic acid residue) at amino acid number 99 
of the /3-globin protein (Figi- lYj ; and'- C^xiv) the 
a^^ei^Pp)^ construct comprisirig' the pig" epsilon -globin 

2^ gene and beta globin control ^region (cb*vstf^ucts 426 
and 427, Figure 14). ' • ^» -^^ .U- v . : . 

In transgenic pigs 'expressing rhuiftan 
hemoglobin three types of hemoglobiii dimer's' are i 
detectable: pig a/pig jS, human a/human jS; and hybrid 

30 hvunan a/pig p. In certain embodimeri€s*ncJf the 

invention, it may be desirable to decrease the amount 
of hybrid hemoglobin. Accordingly, ^the-'molecular 
basis for the formation of hybrid hemdglobin has been 
investigated using molecular modeling studies. Based 

35 on the information derived from these studies, the 

human alpha and beta globin structures can be modified 
to increase the level of human a/human =j8 dimers (See 
Section 11.), so that in further embodiments of the 
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itivetitiChv 'con^ructs comprising the apjS seguende may 

Inodlfied i:6*cdae for d or globin proteins 
carr^iTi^ *^toihc> acid changes that will Ifead to 
5:- iiw^^reasefe'iri^^ ilfevel of hum&h a/human 0 hemoglobin 
dimerff - inP' 'transgenic pi^s-. The present Invention, 
provides -fbr constructs. -which encode human a globiri * 
a^d htahan i3 gloirin carrying one or more of 'the 
fol'l^wiJig* mutations in' the a globin molecule: (1) a 

xo-y Thr at posit'ion 30 instead of Glu; (ii) a Tyr at 

pbsltion 36 Instead of Phe; (iii) a Phe instead of t^u • 
at^^^poBitlw^" 106; "(ivj- a Ser or Cys instead of Val at * 
position-^ 107; and/or (y) a Cys instead of Ala at ^ • ' 
position- 111.= <'tln specif ic embodiments'; the constrircft" 

1S^ carrydng^ such mutation (s) is the apiS cohstruct'i*- - The 
patresent invention ; in furthfer * embodiment 6; prbvides . 
for cronstruct^ which encode human a giobin and human )S 
globin: carrying, one or more of the following' tiiutatibrts 
in thev^/J; gibbih molecules ^ (l) a Leu"instead of Val at 

2du positdohi 33; (ii) a val or lie ihs'tead of Cys at • 
positlpn= 112; (iii) a Val or Leu instead of Ala at ' 
position -at position 115; (iv) a His instead of Gly at 
position 119;^i(vj a-Met instead of Pro at position 
125; i <vi)'V an lie' instead of Ala at position* 128 ; ' 

2s^ and/br (vii)- a Glu in&tead of Gin at position 131-7 ' 
and/ofe^ (viii)= a Glu instead of Gin at position-131V 
In i specific embodiments^ the construct carrying the . 
mutation(s)' is the apiS construct. 
i>-.ir. - In further embodiments it may be desirable 

30 i to^ iiiclude/ in constructs/ the untranslated 3' end of 
the pig beta globin gene as contained in plasmid ^ 
pPig3«)8 <Eigure 16) as deposited with the ATCC and 
assigned accession number 75372. (see, for example, 
construct 354 in Figure 12 and Figures 426 and 427 in 

35 1. Figure ,14). Such constructs may also be useful in the 
expression of non-globin protein in pig erythrocytes. 

In- further embodiments, the pig beta globin 

control region depicted in Figures 8 and 9 may be used 
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iii > constructs that encode non-giobin proteins for the 
expression of said proteins in transgenic .pig.-:or other 
non-human erythrocytes . ^- 
5 The recombinant nucleic acid constructs 

described above may be inserted into any, suitable-: - 
plasmid, bacteriophage, or viral vectoi*. for- r-: -. 
amplification, and may thereby be propagated using : a ■ 
methods known in the art, such as thoser.describeds in 

10 Maniatis et al», 1989, Molecular Cloning: Av Laboratory 
Manual,. Cold Spring Harbor., N.Y^ In the worklngv. i - 
examples, presented below, the pUC • vector- < YanishjrLv 
Perron et al.;^1985. Gene 103-119) was utilized.; - 
i-t The present -invention further, provides for 

X5 isolated and purified nucleic ^acids coi^prisdngr tiaeopig 
adult beta globin promoter . regulatory regionf^^r theipig 
3^ beta glob in region, and. the pig epsiloni glob ihS gene 
as^ comprised, respectively, in plasmidsr> vr. -'ic 
pgem5/Pigj8pr.(K) (ATCC accession no*. 75371) •^^t>pig3'^^8^ -. . 

20 (ATGC accession no. 75372) , . and ^pSaf /pig6 (k')'.u<'ATC€» f. 
accession no. 75373 ) , respectively*:: r^, \ i.. ; ^ a.^^^ y 
i - Constructs may desirably. be i linearized for 

preparation of transgenic pigs Vector sequence- pay 
desirably be removed. . . : . 'V;*j;.i> . . 

5.2. PREPARATION OF . TRANSGENIC ^ PIGS .. t 
The recombinant feonstructsvdescribed above 
may be used to produce a transgenic pig by any method 
known in the art, including but not limited: to, ' ^ 

3^ microinjection, embryonic stem.i(ES) celL-mahipulat^ion, 
electroporation, cell gun, transfect ion.; : transduction, 
retroviral infection, etc. Species; of constructs, may 
be . introduced individually or in groups of two or more 
types of construct. » . =• . 

35 According to a preferred specific embodiment 

of the invention, a transgenic pig may be prodiiced-* by 
the methods as set forth in Example Section 6 > = infra . 
Brief lyi, estrus may be synchronized in^ sexually mature 
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gilts (>7 months pf . age.) . hy. f eed|ing . aiiv ^<omlly i active 
progestogea (allyj .trenbolone>. hT^tK.,i5J^t^^/q^2±l^/:de^y) tor 
12 to. .14 days^ On the J.ast day lxaf A/K . f leejding,' all . : . 
5 gilts, niay he .given an intrainiisculaniiingzec^-ipn .<^W)A]Of 
psTipstaglandin Fj, (Lutalyse: 10 mg^injecitiiPXJi)<^jat ,0800 
^ind 1600 hours. rPwenty.-€pur.\hours aftjar^^. ttee.^^^ 
of, AT consumption all' donor gilts -irtayi be nadministered 
SL .single IM injection of o pregnant:, mare '<sermtn: ^ 

10 gonadotropin. (PMSG:.:a500 lU) . . Human tshorionic' ^ 

gonadotropin (HCG : 750 . IP) . may bel admini^sfeer.ed:. to all 
donors at 80 hours after PMSG. . j? i^y^d n.n .r- .-^ ^ 

Following AT withdrawal,;. doaoac^- and ar^ecipient 
gilts may be checked twice; daily =' for; signs ^f.. iastrus.- ; 
using a mature : boar , : ^ Don^rs^* whichr eacbibited i estrus 
within 36 hours following .;HCG; adlndnlstratioh may be 
br^d at 12. and . 24. hours .afters th^r onsi&t^.^ of » aastrus- - 
.using artif icial., and naturali. (respectively.) A * * . * r r . 
linsemination* i^ ' - ...i-. (xv* *-\tb;t-»ct Ui'.> - 

210 Betwj^en 59. and 66.hoursr.a}fterA th^.. 

administration of* -SCG: : one-- 1 and;^ jt^wocrcelln ovqi : may be 
surgically recovered f rom « br^d donors-, using • the • - 
following procedure^ Generals anestthesdanimay- be 
induced by administering • 0^.5 frngjof acep^omazine/kg of 

25 bodyweight and 1^3 mg. ketampipie/jcgi ofc bodyweight via a 
peripheral ear vein- Followingvanesthet'lzation, the 
reproductive tract-.may. be<-exteriopi>zed following, a 
mid-ventral laparotomy ; - r, A drawn.>glassi.: cannula (O.D. 5 
mm, length 8 cm) may be insertedvantOr^e ostium of 

31) the oviduct and anchored^ tot the^^iinf undibu;luro using a 
single silk (2-0) suture* :Oyas->mayv be flushed in 
retrograde fashion by .inserting r a 2Deg needle into the 
lumen of the oviduct 2 cm anterior, jto the uterotubal 
junction^ Sterile Dulbecco's. .phosphate. buffered 

35 saline (PBS) supplemented with^.O* 4% .bovine serum 
albumin (BSA) may be infused. into the oviduct and 
flushed 'toward the glass cannula;- The mediiam-may be 
collected into sterile 17 x 100 mrai polystyrene tubes. 
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Flushings , may , be transferred .tO:10. x. 60 mm .petri 
dishes and - searched at . lower , power (50 x) using a Wild 
M3 stereomicroscope.- : All: oner and ^ two-cell ova may be 
5 washed twice in Brinster's Modified Ova Culture-3 • 
medium (BMOC-3) supplemented,- vrith. 1.5% BSA and 
transferred to. SA ^a1- d^pps .,pf. BMOC-3 medium under oil. 
Ova may be stored. iEtt 33,*?C^.under .:a 90% .N^, 5% ..pj, 5% COj 
atmospherei untii mloroin jection^ is performed- 

One- and tJtwprcellj ova ^aay. he placed in a 
Eppendorf tube .(15-:Ova. pj^.»tube)i containing 1 ml HEPES 
Medium supplemented: withal. 5%. BSA and centrifuged for 
6 minutes at 1.4000 Xi 9:..in orcJer tp visualize pronuclei 
An. one-cell and nuclei in two'-cell ova. Ova may then 

X5 be transferred ta a:5.t.- .14) ^ drop: of HEPES medium 
under oil" on a depressipsi-^slAde.. / Microinjection may 
be performed Using ra. Iiabo3rJLii?G; microscope with 
;Nomaxski optics. :and'::two Ijeit? micromanipulators. 10- 
il700 copies. :pf CQns.tiUidt I>NA;,.{ linearized at a . 

;2^0 concentration of about Ing/^l of Tris-EDTA buffer) may 
be injected into* .onei pronucilei: in one-rcell ova or both 
nuclei in two-aoell* ova.: i:* ... i,---, 

... MicroinjdBcbedKOvaitnay .be returned, to 
microdrops of BMOC-3. fmediium, under;, oil and maintained 

25 at 38«.C under, a 90% N^v. .3% CO/, 5% % atmosphere prior 
to their transfer , to. suit^l-e recipients.. . Ova may 
preferably be transferred- within rlO.iiours of recovery. 

Only recipients which ..exhibit estrus on the. 
same day or 24 hoursi later, than ^the. donors may 

30 preferably-r'be utilized for.. lembryo transfer. 

Recipients- :may be anesthetized as described earlier. 
Following, exterior izajbion of vone oviduct, at least 30 
injected one-and/or two-cell.. ova and 4-6 control ova 
may be transferred in the following manner. The 

35 tubing from a 21 .-g x 3/4 butterfly infusion set may be 
connected to a 1 cc syringe. The ova and one to two 
mis of BMOC-3 medium may be aspirated into the tubing. 
The tubing may then bei, fed. through. the ostium of the 
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oviduct until the. tip reachBs the dower thirdj ov:,i.\i . 
i'sttmus. of -the oviduct. .The ova mayc^be «ub^a.quently. 
expeKLed as the tubing? is slowly, withdrawn- ir\.-i>r?o> - 
^ no.-'M- . The exposed portion of the reproductive 
tract may be .bathed in a sterile 10% 'gly.cerol-0.9% 
saline -solution and returned to the .body cayitys. ; lOJlie 
connective tissue encompassing the linea .albav,.>:tl\e fat 
and .the- skin may be sutured as three»:separat«^; .layers.^. 

^Q: An uninterrupted >Halstead stitch may be.^us^ ito.;rc:^Qse 
the lina alba. The fat and skin may.<*be cj^osed .'using a 
simple * continuous and mattress stitch., .resipecjt-ively. 
A-^pical antibacterial agent, (e.^fw-. Furazolidone); rmay 
t^en *be administered to .the -incision ;.area>-- . . j i ^ 

jj5: • " - Recipients may be penned :in groups; ^f><^bout 
four and fed 1.8 kg of a; standarc? .16% cirude prQjteij) • 
com^soybean pelleted ration-. Beginning on 4ay.A8 
(day- iO - onset of estrus)^ all recipients jinay be :y 
Ghecked daily for signs of. estrus. .using l^-.mat»ure -t?par. 

2^t) cm .'day 35, pregnancy detection may be performed using 
ultrasound. On day 107 of .gestation: recipients may be 
transferred to the farrowing suite.. -;In orc^r ;to . 
^sure attendance at farrowing time,' farrwing. may be 
induced by the administration of:. pro$tagl^ndi^.:P2i (iO 

2^5- mg/injeetion) at 0800 and 14s00 hours on -day 1 112 ^ of-- 
gestation. In all cases, irecipientsvmay be ^expected 
to farrow within 34 hours, following. PGE2a ; . » . 
administration. . - 

Twenty-four hours: after birth;* alljpiglets 

30 *ay "be processed, i.e. ears notched^- -needle t^etb - 
clipped, 1 cc of iron dextran admin i^tered^.-^etc; A 
tail biopsy and blood may also be .obtained from each 
pig. 

Pigs produced according to -this method are 
35 described in Example Section 6, infra, »r and are 

depicted in Figure 2. Such pigs are healthy,, j do. not 
appear to be anemic, and appear to grow at -a rate : 
comparable to that of their non-transgenic . 
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littermates. . Sucii. pigs /in^y .tran^m to 
their offspring, - :»f: ^- i - ■ • . 

. Pigs having certain pharactjEiiristics may be 
5 especially useful for the production .of Jiuinan - 
hemoglobin;, such pigs, examples.! of wtjicb follow., 
represent preferred, non-limiting, specific 

embodiments of the J.nyentiQn.^ . ...» -v. r 

According; to-..Qne .jpre^erjped ;rs;p^oif ic 

10 embodiment of the invention,, a t,i?ansgeivi,c pig contains 
at least, twenty copies of ^.glrobin, tcansjgene, . . , 

According to a second preferred specific 
embodiment,, the P50. of: whole ^blopd of ra transgenic, pig 
acqording to the_inventi.on is .;4..nc.rea^.edi .by: a,t least 

15 ten percent over. the. PsoiiPf thie. whoi^e blpod rpf a 
comparable npn-transgeniq. Rig, ^aHing -into 
consideration factors :such Jis,;altitiude> pxygen 
concentrations^ pregr\ancy>f ithe presence: cpf;!iau 
hemoglobin, etc. Thus >. - the, prij^ffl^ent .ijiyention provides 

20 for a jfionrP^^egnant transgeniQ>, pig: tth^t carries and 

expresses a buman globin tri^insgene, an which the P^y of 
whole blood of tbe transge^iic iplg. ds r^t .least ten 
percent greater than ^thev Pio- ofc (whole l>lood of a 
comparable non-pregnant .^pn-rtpansgenic pig'sat the same 

25 altitude. -o;*-. Hi: ,..iv.J.:i J - - v- 

In other priefer^jred' specif ic -embodiments, the 
present invention pjrovides:rf or: i^, transgenic pig in 
which the amount of; human :*g:lpfein produced relative to 
total hemoglobin is . at least ..'ttwc^ percent , more 
30 preferably at least five percent, and most preferably 
at least ten percent. 

Section 6, infra,, .describes*, transgenic pigs 
which serve as working examples; of : preferred > non- 
limiting, specific examples .of:.!the. ifiyention. 

5.3, PREPARATION OF HUMAN HEMOGLOBIN AND 
ITS SEPARATION FROM PIG HEMOGLOBIN 
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Thj^^._^present^ a method 

for producing ^umd[i¥'li4inogibi^^ introducing 
a transgene or -trans^^ft'^St^^^ilieodxng tiuitan - hemoglobin, 
5 such as a human alpha>glj6tein-"^n<i a *iSman beta globin 
gene, under the ''cbhtrdl ''of *a- -suitabife iiifdm^^ or 
promoters,* -into the g^Vr^tic material of a pig so as' to 
creat^' a transgenic pig ^th^t v^xptesses human 
hemoglbbirt in-'at^'lieasC^o^^^^ its blood cells. 

XO: The present invention also provides for a 

method of producih% Irtifiiaii'-h Comprising (i) 

introducing a human arpha- gl^ and a human beta 
globin gene; under*the-'icofttr6l**6f a suitable promoter 
or promoters, into the ^eiifet'ic material of a pig so as 

15 to create ai' feransigeriic pig -that expresses ' human 

hemoglobin iiT^^t^'least'^s^^ blood cells; 

tdtif doilectin^ :-red 'blcitfa'^ceiis" f rdm )the transgenic 
pig; '(iii) releasing the* cbnte^n^^ red 
blo6d cells to farm « a l^^ate; (Iv) subjedting the 

20 lysate of the ' reid "br6od'*c6fells to a • f)\ari£ication - 
prdcedure that 'Substantival ly^-^eparat^s human 
hemoglobin "^from pl^ hemoglobin; ^'and (v) collecting the 
fractions that cdnta 1ft purified human hemoglobin. 
Such fractions iiay be *ideJltified -by -isoelectric 

25 focusing ih^ parallel wittS'appr'bpriate standards. In a 
preferred embodiment of thfe invention, human 
hemoglobin may be* separated- frbiti pig hemoglobin by 
DEAE anion exchange ' column- chlromatography ^ 

In order Alo prepare human hemoglobin from 

30 the transgenic pigs= described above, red blood cells 
are obtained frbni the pig using -any- method known in 
the art. The red blood^ cells are then lysed using any 
method, including hemolysis- in a hypotonic solution 
such as distilled water; • or using techniques as 

35 described in 1981, Methods in Enzymology Vol. 76, 
and/ or tangential flow filtration. 

For purposes of ascertaining whether human 
hemoglobin is being produced. by a particular 
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J:rai}sgenjLp,.pj,g, /,it.,may be useful to, perforin a small- 
scaleoeleetrophpretic analysis of the hemoly sate, such 
as j : for -jBxa?ttpl^ 4 . isoelectric focusing using standard 
5 tephnigue^*.^. v.: • 

: Kj.. Alternatively,, or for. larger scale. 
purificat^on,^l^UTnan hemoglobin may be separated from 
pig-^^moglpbin using ion. exchange. chroma tography* . . 
3yi:?prisinglY^rias discussed in Section 7, supra , human 

IQ hemQglobJ.li was .observed to readily separate from pig 
hemoglpbin using ion exchange chromatography whereas 
mouse;, hemoglobin . and human hemoglobin were, not 
sepai:£^^le by^.such methods* Any ion exchange resin 
known, in. /thg grtr-or, to be. developed may be utilized, 

25 includingyf^ljut not . limited to, resins comprising 

4iethy Jaminoethy 1 , Q-§epharose , QGPI { I . B . F . ) Zephyr i 
£;phei;rodex^ti^pt:^ola, carbpxymethylcellulose, etc. j 
prpyit^ed: that - the resin, results in a. separation of 
human and pig. hemoglobin, comparable to that achieved 
u^ikng-jpJAErresin. . ..... » , ; 

r.' T'\!" - ..o?^9Cording tp a specific, nonlimiting 
emboc(iiaeiT|t. pf the invention, in order, to separate^ * 
human^frpxpipig hfimpglobin (including human/pig 
hemoglobin: hybrids) to produce substantially pure^,,.: 
Jiuman -hemoglobin r a hemolysate of transgenic pig red 
^.Ippd.-qellSf prepared .as above may. be applied to 
PPAE-anion exchange , column. equilibrated with 0.2 M 
glycine, buffer at;,Ph.7.8 and washed with 0»2 M glycine 
Ph.7.8/5 Mm.NaCl, . and may. then be eluted with a 5-30 

30 ^tNaCl -gradient, or. .its equivalent (see, for example. 
Section 9 infra ) • Surprisingly, despite about 85 
percent, homology between human and pig globin chains, 
human and pig hemoglobin separates readily upon such 
treatment, with human hemoglobin eluting earlier. .than 

35 pig, hemoglobin. Elution may be monitored by optical 
density at 405 nm and/or electrophoresis of aliquots 
t£iken, fxoni serial fractions. Pig hemoglobin, as well 
as tetrameric. hemoglobin composed of heterodimers 
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formed between .:pig- and. human ^globin^<:hains; may be 
separated ' from human hemoglobin by this rJiiethod* Human 
hemoglobin produced in - a^ transgenic pig. and separated. 
5 from pig hemoglobin by this method has an oxygen 
binding capability simiiaroto that; of .native human 
hemoglobin. . ■ . ; t ^ o. ; . 

According to another specific ::non- limiting 
embodiment of the invention p> human ^hemoglobin may -be 
10 separated from pig hemoglobins including human/pig 
hemoglobin hybrids) using QCPI ion; exchange resin as 

follows^ J-;'. >: .,>iv. _ 

About 10 mg* of' hemoglobin- prepared from 
transgenic pig. elrythrocytes-imayv ber diluted in. 20ml of 

15 Buffer A (BUffer\Atip;a.OinM: fPris>v20mM . Glycine Ph 7.5) • 
This 2<)ml. sample may thea. bet loaded at a flow rate of 
about 5ml/min.'onto a-QCPIrdJoiumnOtflOivml) which has 
been ecjuilibrated: with- B^fferc A.w. Thp: column- may then 
be washed with 2: volumes^ of Buf ferr A, c.and then with 20 

20 column, volumes of a- 0-5pmM NaGd gradient <10 column 
volumes of Buffer. A rfi-i-o columns volumes of lOmM Tris, 
20mM Glycine, 5^0mM Na€l, Ph .7i.S) or, alteratively , 6 
column volumes of IDmM Tsrii&>o2.0mM; Glycine/ 15mM NaCl, 
pH 7.5, and the. CD.^^ absorbing imat^rialumay be 

.25 collected in. fraotlonsifto. yields the separated 

hemoglobin; human hemogUobim ±)eing identified, for 
example> by isoelectric^ focusiing. using, appropriate 
standards. The QCPIi\coluiiinLmay be cleaned by elution 
with 2 column volumes^ of. lOmM! Tris., 20mM Glycine, IM 

30 NaCl, pH 7.5. V- 

For Certain 1 mutant, themoglobins, it may be 
desirable to utilize a modified purification 
procedure. Accordingly,! for the separation of Hb 
35 Presbyterian from pig Hh,. a procedure as described in 
Example Section 12 infra , may be used, and for 
separation of Hb- Yoshizuka, a procedure as described 
in Example .Section 12.:2> infra , may be used. 
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... . S • .4-- . ; ^PREPARATION iDF HUMAN /PIG HYBRID HEMOGLOBIN 

. : 3ai€i.-pr:Qsent invention also provides for 
essentially purif ied .a.nd isolated himan/pig hybrid 
5 -hemoglobin, in .p^rticu^lyir Ixuman.. a/pig jS. hybrid 
hemoglobin.: ;Pig .a/?humaji.i&^ybrid has not been , 
observed ;to form: either; : in ^vitro in reassociation , 
experiments or in vi:Vo . iP. tj7^nsgenic pigs. 

* • i:>3;he..pra3,ent.riiivention provides for hybrid 
^0 hemoglobin^ and iits. .^se ras a blood substitute, -and for 
a pharmaceutical- rcoiipQs^t ion comprising the 
essentially purified and isolated human/pig hemoglobin 
hybrid in !.a -sui.^ablie. pharmatco logical carrier-*. . 

rflybriid ^hemoglobin may be prepared from ^ ...^ 
-15 rti^ansgenip. pigs:^j::^;t described herein, and then 

-purified -by. :.Ghr.omafeog:3Er^pby « . . immunoprecipi tat ion , or . 
.any other ^Bjethod knQVi? ^to the .skilled artisan. The 
use of vi^oeleGtriiC i^ioqusing ^tQ; separate, out hemoglQbin 
.liybrid is shown j in Bijgur^s . 3 .and S. . : . 

;2X) ' rA.lteraiatiiVely,,:chy4>r id hemoglobin may bq. _ 

^prepared usirig^^^nueleic acid -.constructs that comprise 
.:both. !buman*.'and. pig globin -sequences which may then be 
expressed dn.;axty> suitable microorganism, cell, or 
• transgenic canimal^.' ;Fpr example, a. nucleic acid 
.^5 constriapt /that ./^comprises the human a and pig )8 globin 
genes .iunder,; the , control of -,a. suitable promoter, may be 
expresjsed to result, inrliybrid hemoglobin. As a - 
specific example, human ^ globin and pig /3 globin 
genes, under the i control of cytomegalovirus promoter^ 
30 may be transfected into a mammalian cell such as a COS 
cell, and: hybrid hemoglobin may be harvested from such 
.icells. Alternatively, such constructs may be 
expressed in yeast or bacteria. 

It. may b^ desirable to modify the hemoglobin 
-35 . hybrid so as to- render it non- immunogenic, for 

example, by linkage with polyethylene glycol or by 
encapsulating the hemoglobin in a membrane, e.g. in a 
liposome. 
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6. EXAMPLE: GENERATION OF TRANSGENIC PIGS 

THAT PRODUCE HUMAN HEMOGLOBIN 

6.I. MATERIALS AND METHODS 

'^. hiVf:) WUCLEiC "ACID CONSTF&JCTS • 

Constructs il6 (the aa^ construct) , 185 (the 

app construct), 263 (the apS constiruct) 339, 293 and 

294 were microinjected into pig ova as set tbirth below 

in order to produce transgenic pigs. 

s!l S\ ' ' PRODUCTION OF TRANSGENIC PIGS 
~ ^ytfiis was synchronized in sexually mature 
gil1:s 'C^*^ 'mbhths W eicfeY iiy feeding an orally active 
pfogeistbgyn 't^'llyl' treribolone, AT: 15 mg/gilt/day) for 
12 t<5'i:4-dSys. 'X>ri the last day of AT feeding all 
gilt3 .^e<a^ived^'afri intrarous^ injection (IM) of 
proatagfcrndiai F^i-^ilaita-lyse: . 10 mg/ inject ion) * at 0800 
aijd K?..^ 00;^ o (Twenty-^ hours after the last day of AT 
consumption all donor gilts received a single IM 
injection of pregnant mare serum gonadotropin (PMSG: 
1500- IU)':'-%uttan^^c^ gonadotropin (HCGri 'lSO lU) 

was administered to all donors at 80 hours after PMSG. 

Following AT withdrawal, donor and recipient 
gilts were checked twice daily for signs of estrus 
using a mature boar. Donors which exhibited estrus 
within 36 hours following HCG administration were bred 
at 12 and 24 hours after the onset of estrus using 
artificial and natural (respectively) insemination. 

Between 59 and 66 hours after the 
administration of HCG, one- and two-cell ova were 
surgically recovered from bred donors using the 
following procedure. General anesthesia was induced 
by administering 0.5 mg of acepromazine/kg of 
bodyweight and 1.3 mg ketamine/kg of bodyweight via a 
peripheral ear vein. Following anesthetization, the 
reproductive tract was; exteriorized following a mid- 
ventral laparotomy. A drawn glass cannula (O.D. 5 mm, 
length 8 cm) was inserted into the ostium of the 
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oviduct and anchored to the^ infundibulum using a 
single silk (2-0) suture. Ova. were flushed in 
retrograde fashion by inserting a 20 g needle into the 
^ .iuiaen.- of - Jthe oviduct 2 cm anterior -to the -uterotvjbaL. - ^. 
junction. Sterile Dulbecco's phosphate buffered! ii 
/saline (PBS) supplementedTrwith p.4% bovine serjam; - 
>aibumin (BSA) was infused into the oviduct and .flushed- 
iHibward the glass cannula. The "medium waV collected " " 
UjO Uiito sterile 17 x 100 mm polystyrene tubes. Plushingsi 
Were transferred to 10 x 60 mm petri dishes arid J ■ 
I'searched -at lower power ( 50' xy . using a toiid^M3 * ; ' - : J; 
;;stereomicrpscope . All one- and two-eel 1'. o;y.a .wer^_ . 
Washed twice in Brinster's Modified Ova Culture-r3 } 

^ "medium (BMOC-3) supplemented with 1 . 5%/ BSA and ? i : i; 

- - — • • - - .... ..j, -j - , - 

fitransf erred to 50 /il drops of ,BMOC-3 medium 9^^< 
liOya wdre stored at 38*^0 under a 90% N,, 5%^02r 5i\c6r.^ i 
^atmosphere' until microinjection was* perf prm'edl! ' [ \: 
;i One- and two-cell ova weife placed'^ih ar^*"^ 
MO .Eppendorf tube (15 ova per tube) containing 1 mliHEPES: 
"Mediiam -supplemented with 1.5? BSA and centrifuged for-i; 
. 6 ,minvLtes„ at 1.4 QOO x g in order to, yisualiz.e.-j5!roni^ 
in one-cell and nuclei in two-cell ova. Ova were then 
transferred to a 5 -10 /ul drop of HEPES medium under 
t^S on a depression slide. Microinjection was 

performed using a Laborlux microscope with Noroarski 
optics and two Leitz micromanipulators. 10-1700 
copies of construct DNA (lng//il of Tris-EDTA buffer) 
were injected into one pronuclei in one-cell ova or 
'30 both nuclei in two-cell ova. 

Microinjected ova were returned to 
microdrops of BMOC-3 medium under oil and maintained 
at 38°C under a 90% N21 5% CO2, 5% Oj atmosphere prior 
to their transfer to suitable recipients- Ova were 
-35 transferred within 10 hours of recovery. 

Only recipients which exhibited estrus on 
the same day or 24 hours later than the donors were 
utilized for embryo transfer. Recipients were 
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anesthetized as descrited- earlier. Following 

exteriorization of one oviduct, at least 30 injected 

one- and/ or two-cell ova and 4-6 control ova were 

5 transterred in-JJie fQJ4o^ . The tubing from 

a 21 g X 3/4 1 butterfly infusion set was connected to a 

1 CC syri^gei ^( jThe^p^ to two mis of BMOC-3 

"medium were aspirated into th^ tubing. The tubing was 

' then f ed" through r the ostium of the oviduct until the 

.14) ..tip reached lower third or isthmus of the oviduct. 

The ova were; subsequently expelled as the tubing was ; 

-Slowly witihd^'awni.." -\ ' • . - ... 

^ ! ,!Th^_^:Kps:>^Bi^ jpovt^xon pf the reproductive 
J i : 

tract :wa^.bath^^ sterile 10% glycerol-0.9% saline 

.fl^S solution rand . returned to the body cavity . The 

rconnectiyjp tissue encompassing the linea alba, .^he .fat 

: and the siin jwere^-sutuired as ^ three separate layers. 

An unihtisifru^ted'^h'alstead' stitch was used to close the 

: lina alba; The" "f at arid iskin were closed using a = " 

v20 ; simple cohtiinuous -and *iattress stitch, -respectively, i 

: A topical' antibacterial agent (Furazolidone) was then i; 

.^^d'mihistgr^d^.to.^ 

Recipients were penned in groups of four and 

fed 1.8 kg of a standard 16% crude protein corn- 

-2:5 soybean pelleted ration. Beginning on day 18 (day 0 = 

onset of estrus) , all recipients were checked daily 

for signs of estrus using a mature boar. On day 35, 

pregnancy detection was performed using ultrasound. 

On day 107 of gestation recipients were transferred to 

30 the farrowing suite. In order to ensure attendance at 

farrowing time, farrowing was induced by the 

administration of prostaglandin Fj, (10 mg/injection) 

at 0800 and 1400 hours on day 112 of gestation. In 

all cases, recipients farrowed within 34 hours 

.35 following PGF2a administration. 

Twenty-four hours after birth, all piglets 

were processed, i.e. ears were notched, needle teeth 

clipped, 1 cc of iron dextran was administered, etc. 
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A tail biopsy and blood were also obtained from each 
pig- 

,5 • ' " ^ ' 6V2V RESULTS A^ID DISCUSSION 

... i.i^, Of 3566 injected "ova, thirteen transgenic 

*i^g^ *thiat expressed human hemoglobin were born/ two of 
whidh" died "shortly after birth due to normal breeding- 
'relalffetf i^bid'ents 'completely unrelated to the fact 
that they were* transgenic pigs (Table I) . The ^ ^ 
xemalriirig- "^"i appeared to be healthy. A photbgraiph of 
diie transgenic Vicf i« presented in Figure 2. Profiles 
^dr tfH^ pigs and of the percent "authentic" arid* • 
"riybr^id^"^ humiarn hemoglobin ("HB") produced are s6t 
Tcftrth ln Tabre il; "infra . Total hemoglobin t)as 
'cYfcuiaVeSi as -the sum of human plus one-h£ilf of *the 
^riiiyMTp'^of'pig jJ tiybrid/ ^' Figure 3 preisents the results 
cTf '^iWdetietitriti focussing and triton acid urea gels of 
'heiib^dbf h 'prdduce^ of these pigs (numbers 

'iiaP-^l/ S^3 / and" 6-3) which demonstrate the expression 
of human alpha and beta globin in these animals. 
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25 


30 


-TABLE I 


Efficiency Of = Transgenic Pig Production 
^'^ ;.:Hiiiaan Hemoglobin Gene Construct: (s) :ti 


i = 
I 


Total After- 

ParaAeter. i 22 Trials i ■ 

— A : ' • ■ ^ I ^ * : ! ; i 

Total Ova* Collected 8276 • ; f ' 

. ' . * : ' : : . j I j I = 

10 Total # Fertilized "t : " 7156 ^ ^ ^ « -{-—1 - j - 

, . = ■ • - i - i ^ 

Total # Injected 3566 

# Injected Ova ^Transf erred ^ 3566 "!J_ 

# Control Ova Transferred 279 ' i ! I ^ 

# Recipients Used 104 ! j ' ! | 

# Pigs Born (Male, Female) 208,332 : ^ ' | ; 

# Transgenic (Male, Female) 8,5 (0-3^)^ ! | 

>l '■ ' ' ':\ - " M ; ' , \ r^. -c; i I 

•# Expressing • .13. J ,0* 


I ; 


. • ' • - i ^'i 


20 ^- a Proportion of injected ova which developed into | 

transgenic pigs (13 transgenics/3566 injected ova)L \ 

' ' . ' ' = ■ ! i ^ t 

■ - - • " -1'.;. .^^J j 


. ^ , 
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; TABLE II ' J i 
FOUNDERS 


10 


15 


20 


PIG 

GENDER 

TRANSGENE 
CONSTRUCT 

AUTHENTIC ^ 
HUMAN KB 

■ ; . 

HYBklD 
HB- 

TOTAL 
-HUMAN 

HB r 

COPY 
# 

6-3 

F 

116 

, • ^6.2% ! 

8.1% 

• Id. 3% 

57 

9-3 

F 

116 

1.6% ' 

33 .0.% 

16* 6% 

1 

22-2 

M 

185 


■ 5.0% 

5.0% 

55 

33-7 

F 

185 

*died shortl 

y after 

- birtli 

0.5 

31b -1 

F 

185 

1.0% • 

: 8.!3%" 

5.2% 

17 

38-3 

M ' 

.185 

.4.7% 

17.!2% 

i 13.2% 

22 

38-4 

M 

185 

, 13.2% i : 

!7.0% 

, 6.7% 

5 

47-3 

M ' 

263 

<!•% \ 

: 2.9% 

2.0% 

4-6 

47-4 

F 

263 


i'-i8-ib%: 

10.0% 

i-2 

52-3 

m" 

263 

' <i%: . •- ; 

fl.;7.!S%' 

4.0% 


5^-7 

M 

263 

<i'% ' 

^6.4% 

' 13 . 0% 


53-11 

M 

263 

; <!•% i : 

15.5% 

8.0% 


70-3 

F 

339 • 

23 ; 

31 

38 

3 




• •:-'!*! 
: ' ' 1 
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10 


15 

h 


2o: 


: <:! Table III presents the pirofiles of offspring 
bf \pxp number 9-3 , which shows that the Fl generation 
bfi .trginsgejiic; pigs are capable of expressing ; . 


h^ogtLobin. Of note^ none of the offspring of pig: 
in&ibeSr 6-3 'were found to be transgenic, possibly dpe 
to 'th^ absence of transgene in the animal's 
reproductive tissue • i; 
I ^ j : Table TV presents hemoglobin expression data 
op iof f sptirig of pig 38-4 carrying the "185" construct 
ftlxe^^F'apP " construct; see Figure IB) . Table V . . • 
p^i^eiiits'^a^sumihary of the profiles of offspring of .pig 
nuanber 38-4i in which a large percentage (37.1%) ofi 
Qttspxing were positive for expression of feuman ^ ; 
hejDiog^iobin ' indicating germ line transmission, of the 
tr^Sjpene^- jFdgure . l presents the results , of . . 
isoeiectirid focussing which demonstrates the levels of 
p^^^|o&|.n_|e5cpr^ in representative transgerje i 

positive' 38;-4 ; offspring. [ ' ' 
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'i -.-^cj'V; 7in?;or ifii. . o'. : - 

: : The birt:hi weightrs..iOf- -the. transgenic pigs 

have been approximately equivalent" jto the .birth 
weixfhts -of- their nonr^transgenic vlittermates^- ^-As the 
transgenic pigs matured, -^theirjiweightS; remained 
comparable to the weights' pf jcontarrol;. animals * 

7. EXAMPLE: SEiyVRATION OF HpMAN HEMOGLOBIN 

FfeOM PIG HEMOth^dBrN BY ^DEAE 'CHROMATOGRAPHY 

7.1. " MATERlk'tS MgTHbbS 

' 7.i.i. PURI Pi CAl^ION BY^ Hth^' 'CHROMATOGRAPHY ' ' 

Tor pur£f Icatibiri/ 'red^ljiodd 'cells were 

collected by ceiitriSfugatiort' of ' 56dd rp)m^ for 3 minutes 

in an eisjJendorf roicr6cbntri*fug^'*anlf "vmW^ times 

with an eiqu'al vblume" (d^rigiifal* ^^^^ o ;9% NaCl. 

Red cells were lysed wi'th'%:5 vBitimfefe- ^d^ionlzed H2O/ 

centrif lig'ed at i^VoOO r^ta*;-* and' tii^ 'sujierriatant was 

fractidhated by anion exchang^ 'VhrbWat^ DEAE 

celliif bse chrdiaatbgrapiiy ' (oj^-^lf Wift^f adtureci by 

Whatnian, Ltd.) was perroriiied Itccoi^din^' 

Schroeder' and H. J. Huisman "The Chromatography of 

Hemoglobin", Dekker, New York, pp. 74-77. The 0.25 ml 

red cell hemolysate de.^f^ril^^ to 1 

cm X 7 cm DE-52: columh greir^e^i^ p.2 M 

glycine Ph 7.8 and'JWa^s;::.w$tsliea' ^ volumes of 

0*2 M glycine Ph 7. S/5:iiMm .WaGl. ? .•Hemoglobins were 

eluted with-a 200 ml S^O 'ioM NaCO:-/ 0.2 M glycine pH 7.8 

gradient. To complete t elution lOf pig* hemoglobin, an 

additional 50 to ioo ml of 3Q tmM CaCl/glycine pH 7.8 

was added to the /column i:**^ Elution. ofj-hemog^lobin was 

monitored by absorbance -of U15 onM and by lEF analysis 

of column fractions. : : ., 

7.1.2. REASSQCIATIQN OF GLOBIN CHAINS 
Reassociation ©f. globin chains was performed 
essentially as described, in Methods in Enzymol. 
76:126-133. 25 lambda of pig blood, 25 lambda of 
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human .blgo<3,or:.a 2,5 , 3,ambda . mijcture of 12^5 lambda 
human blop?|..andjl2^5^.1aiBbda pig.,b treat;ed.^as 
follows, ...The -.blop?^w^/as,j>€^Jleted:^ a setting of 5 on 
microfuge: for..:2 jminu^es^Mthen,t.was;hed, three ,times with 
5 100. lambdaj;P.9 ,perG€^i)t.).-N^Cln : i^he cells -rWpre lysed 
with;, 50 lambda lijC^r -^^hei^-i-SRun ^atj rhigh speed to. conf irm 
lysji.s.. ; 50;,lambda .of :thehlysed.; Cells was, then, combined 
with 50 lambdficOf ^oM -^la-Aq ^•S, put on. ice 

and. th€Ui .incubated ;iinr,a.:Gold .M overnight. After 

10 adding 1.9 ml, Q^l:M^aH2Pp44/.r.gH.- 7.4 each sample was 
spun -invP.entricQn.; t;^b,^e i?tt.:4**C §nd;;5K^until about 0.5 

. remained ^ . Therja;l;;mX Q.f oQ.l. M NaH2P04 pH 7.4 ^was. . 
^dded-Sindiispun :thi:;qugh-at-?ibou^ 5K until about 0,2 ml 
yoXumeo^a^ JLeftvc^Whe^vhernqglobin vas.then washed from 

If thej w^lls ^.of^ -the jqentrie^on :tuJDe» .jant.eppeoi adaptor . 
V?as at^taql^^d, rand-iaotak^l^^:top ,microfuge: was used, to 
i^empye ^ach:::samp}ecif^Qm^i'&Srcentricon tube-.-. The. 
sampl.es were 1t^eni^n^i'y,zed.,by i^pelectriQ:focu^ 

^0 r.io. 7.2. RESULTS AND DISCUSSION 

7.2. l4:: , HUJIAN; AND r PIG HEMOGLOBIN WERE SEPARATED 
FROM A HEMOLYZED MIXTURE OF HUMAN AND 

■• ' pjFGOBLOdb '"'" '- " 

' ' " '^^^ E^ual'- j^Bopo^^ and of pig blood 

Were'mixed' and' ^lykedV* arid the resulting hemolysate was 
sub j'ec€^d' ±6 ' DfeAE "^chrdmatogreiphy a6 " described supira . 
As showR' irt'^Figdrfe 4A; -^pig' hemo^lbbih separated 
virtually completely froin humah hemoglobin. This 
complete ^eparatioJi is surprising in light of the 
structural *simirarity" Between human and pig 

30 

hemoglobin) ' ^ig and human alpha globin chains are 84.4 
percent homologous and' pig 'and human beta globin 
chains' aire. 84 . 9 percent homologous. It is further 
sufprising* because, as shown in Figure 4C, -when human 
and mouse blood 'Was* miided, hemolyzed, applied to and 

35 

eluted from a DEAE column according to methods set 
forth in section 7;lll;. suora . human and mouse 


AVOD3/25071 


- 42 - 


PCr/US93/05629 


hemoglobi^:jA(NBre.-.rw3t-rob^ to separate despite the 

fact that jinouse and human alpha globin chains are 
, about 35..^ percent homologous and mouse and human beta 
.glQbin chains are 80.1. percent homologous. The ease of 
-5 .sei?ar^t.i,Qn of human and pig hemoglobin on D£A£ resin 

.ajRpqars tp.;be both efficient and economical. 

; r,-! . ,j> Interestingly, %hB order of elution of the 

proteins , from the anion exchange . column was , not as 
^ei^jpected,.^, ^Based on the relative pi's of the proteins 
10 .as deduced from the lEF gels, the predicted order of 
,eltiti.o.?^ woj^ld.be first, the hybrid (human a/pig /J) 
j,f^Qllow^<^^by_ human a/human^)3. , The last 

,Rrcjte:^n.^to e.lute from the anion exchange column then 
^^o\iJLd Ijie, the. end^^ pig a/pig j8 protein. However, 

^^i^de^^ al^ -the conditions currently attempted the order 
, of .^lAitiqn , was . ^Itered , such that the human hemoglobin 

was tbe.^firj^t to .elute. The second peak was an 
,enyiched fraction of the hyJ?rid followed very closely 
^. by the ^ pig ^hemoglobin . 


20 


• I i I 


i;u- ,..."^?2.2. . HUMAN AND PIG HEMOGLOBIN AND HUMAN/PIG 
' TIETEROLOGOUS HEMOGIXDBIN WERE SEPARATED 
. FROM HEMOLYSATE PREPARED FROM A:-^:• 
,.,. . TRANSGENIC PIG 

> ^iiuM-: Blood from . transgenic pig 6-3 (as described 

-25 .:^^ri^,SectijOn 6, supra 1 was lysed by hypotonic, swelling . 

,^and the. .resulting , hemolysate was subjected to DEAE 

chromatography as described supra . As shown in Figure 

4B, ..tiuman hempglobin was separated from pig hemoglobin 

,^and fro^ htu^an a globin/pig beta globin heterologous 

•^30 hemoglobin. As shown in Figure 4D, human hemoglobin 

,yas substant;ially purified by this method. 


, 7.2*3. PIG ALPHA GLOBIN/HUMAN BETA GLOBIN 

,35 ' HETEROLOGOUS HEMOGLOBIN DOES NOT 

r-. ; \ ■ ■ , APPEAR TO FORM BASED ON REASSOCIATION 
DATA 
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/. ::Het.er93Lpgpiajg^^ a^^pq^^ pig alpha 

globin and human beta qlobin chains has not been 
detected in hemolysates obtained from human 
hemoglobin-expressing transgenic pigs. It was 
S possible, however, that th^ observation couid be 
explained by relatively low levels of human beta 
globin expression. Alternatively, association between 
pig alpha globin and human beta globin may be 
chemically unfavorable. In order to explore this 
10 possibility, reassociation experiments were performed 
in which pig and human hemoglobin were mixed, 
dissociated, and then the globin chains were allowed 
to reassociate. As shown in the isoelectric focusing 


X5 


30 


35 


gels depicted in Figure 5*,, altlidugh pig a/pig jS/ human 


a/human p,. and human a /pig ^ association was observed, 
no .association between pig a globin and human j8 globin 
appeared to have occurred. Therefore the pig a/human 
p heterologous hemoglobin should not be expected to 
complicate the purification of human hemoglobin from 
20 transgenic pigs. 

8.^ EXAMPLE: SEPARATION OF HUMAN 
' HErfOdLOBHi^^^fROM 1^1 G ' HEMOGLOBIN 
- : ■ BY . OCPI GHBOMATOGRAPHY ■ . 

8.1. .- MATERIALS- ANP J4ETHQDS . 

i : : ciarlf iedr. Jaemolysatq; , f rom. jtransgenic pig 6-3 

13mg/ml; Buffer A:r..lOmMt Tris, 20mM iGlycine pH 7.5; 

Buffer B: lOmM Trisj^; 20jnM Glycine,. 15 -mM NaCl pH 7.5; 

Buffer C: lOmM Tris> ZOmM iGlyciije, ,1M Na^Cl .pH .7.5; 

Buffer D: lOmM Tris, 20mM Glycine, 50 mM NaCl pH 7.5; 

QCPI column 10ml Equilibrated in Buffer A; Trio 

purification system* lOmg of hemoglolpin prepared from 

transgenic pig 6-3 was diluted in 20ml Buffer A. 20ml 

of sample was loaded at . a flow rate of .5ml/min onto 

the QCPI column, and wast>ed with 2 column volumes of 

Buffer A. The column was then washed with 20 column 

volumes of a D-50mM- NaCl gradient. (10 column volumes 
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hut^fer iA^-h » 10 'eeJl^iAn^ Volumes of Buffer D) and the 
O.-D/jk) absb^r^lng- irtate^r The column 

was then aT6ari6cJ-^it:h-*Z column volumes of Buffer C;- 
Arwi then i^^e<3[^ilibrated-*with 2 column volumes 6f 
5 Buffer- A^'^^ * ^ • - ' • ^ ... 

• J . v. •'^^:-^^8.2V' RESULTS - t > . 

? 5 • **"Cir'>-Ahaiysis» 'bf the UV tr^ice (peak Vs. volume of 
gradient) **(Fi^j '^S)- revealed that the human hemoglobin 

10 was elated 'at 1$ mM^MaGI'. Subsequent purifications 
have been '^perf6lrmed'utiii2ing''the same protocol as 
above, ortly-^sfefig'-e: column volumes of Buffer B (15mM 
NaCl)-?to elunie^the^man h^mogl5bin rather than the 
gradient. Ih'^'additidn; non-trahsgenic pig 

IS dhroma'feocfraphed by this method does not elute from the 
QCPI with Buffer B, while native human hemoglobin 
does. The protein that eluted at 15mM NaCl was 
analyzed on the Resolve isoelectric focussing system 
and found to be essentially pure of contaminating pig 

20 hemoglobin or hybrid hemoglobin. 

9. EXAMPLE: HUMAN ALPHA/PIG BETA GLOBIN 
HYBRID HEMOGLOBIN EXHIBIT INCREASED P., . 

As shown in Tables II and III, supra , 

25 transgenic pigs of the invention were all found to 

produce significant amounts of human a/pig p globin 

hybrid hemoglobin (the pig a/human p hybrid was not 

observed). Significantly, pigs that expressed higher 

percentages of hybrid also appeared to exhibit 

30 elevated values for their whole blood (Figure 7) . 


10. EXAMPLE: ENHANCED EXPRESSION USING PIG 
BETA GLOBIN REGULATORY SEQUENCES 

The 339 construct (Figures IR and 12) 

containing the pig adult beta globin gene promoter 

region (Figure 8), was used to prepare transgenic pigs 
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according to the method set forth in Section 6.1, 2, 
supra , Figure 15 depicts an isoelectric^ focusing gel 
analysis of hemoglobin produced by pig 70-3; equal 
amounts of hemoglobin from transgenic pig 6-3, 
5 carrying the 116 construct (Figure lA) and human 
hemoglobin are.^run in adjacent lanes for comparison. 
As indicated by; the brighter bands observed in the 
lane cont^iningf pig 70-3 hemoglobin at positions 
corresjfer^ing to human and hybrid hemoglobins 

10 (relat^^.to tfie lane containing pig 6-3:: hemoglobin) , 
the amcmi\^ of human hemoglobin produced by pig 70-3 is 
greate:2 tijan the amount produced by pig 6-3 • It has 
been c^cSlated that 38 percent of the total 
hemoglobin produced by pig 70-3 is human hemoglobin, 

15 whereat' percent of total hemoglobin produced by pig 
6-3-is Jiuaan hemog;lobin (see Table II and Section 6*2. 
su^a, data anti calculations). This. suggests that 

^^S^i^^^ta globi'n proilioter region i^ m6re efficient 
thapi^ tte iiuman beta globin promoter in transgenic 

20 pigs. 

|S rin a separate series of experiments, two 
more ti^nllgenic pigs, expressing human hemoglobin, 
were olflta^tned using construct "339" (pigs 80-4 and 81- 
3) (FI(5;.f7), Human hemoglobin levels in these 

25 transg^ic pigs wais determined by running isoelectric 
f ocussi-ngf^gels and densitometric scanning of the 
individual bands (FIG. 18) . As indicated in Figure 
17, both pig 70-3 and pig 80-4 expressed high levels 
of authentic human hemoglobin. To obtain the copy 

30 number of transgenes, genomic DNA (isolated from the 
tail) was digested with EcoR I and a Southern Blot was 
performed. The probe used was a 427 bp Ncol/Bam HI 
fragment of human beta globin gene containing the 
first exon, first intron and part of the second exon. 


11. EXAMPLE: MOLECULAR MODELING OF PIG 
HEMOGLOBIN AND THE jSj INTERFACE OF 
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A HYBRID BETWEEN PIG 6 AND HUMAN ft GLOBIN 

It has been found', that the amouhtr of hyjbr^d 
human cr/pig 0 hemoglobin often, exceeds, the, amount of 
human hemoglobin* The molecular basis.. of ^ .^^ . 

observation has. beeji investigated, usijig.^ mole.cuJLar -. i.,;;^^ 
ii\pdeling and molecular biology.. The model, .structure 
of the hybrid molecule is based pn . the . known. . v < 
structures, of human hemoglobins and the strucjtui^al. , ^ 
homology between the human and pig structures (A«M. 
Lesk,, 1.991, Protein Architecture:- A. Prjactical^^.^. ... 
Ajpprpach, Oxford University Press, .N.Y.) . . The^^pig. fixxd 
hybrid hemoglobin structures wer^e modeled using the 
following four steps: (l) hydroj^en atpm? we^e. a^d^d 
to., the X-ray model and their positions modified using 
energy minimization; (2) amino acid residue 
replacements were introduce<i to.mpdel, the/. jijjir^ pig 

and hybrid structures (no chain alignment was 

necessary) ; '(3) the side chain pbsitlonSv Ofvthese « ; ' - 
modified residues were energy minimized;^ and t^J'^the* : 
result was visually examined and' found Jto be* sound. • 
The modeled structures are shown i» Figure. ^2 Ov^ i 

... Detailed examination of ail the relevant ro; 
contacts indicated striking differences at^ several 
residues. For example, at positionl;/3ll2 the : human ^ 
hemoglobin has a cysteine residue -but the *hybrid^^has a 
valine residue. The valine is in apparent closer 
contact (arrow in FIG. 20) with the opposing subunit; 
and thus may be more effective in. stabilizing' the. aj jS, 
interface (FIG. 21) . . ^ ; . : 

The effect of amino acid substitutions at 
the-ftj jSi interface on^he hydrophobic and polar * 
interactions as predicted by HINT are. shown in TABLE 
VI. HINT is software from Virginia Commonwealth • 
University Licensed from Medical College of Virginia, 
Richmond, Virginia that can analyze the -positive and - 
negative scores as determined by attractive and 
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repulsive interactions known from experimental 
physical chemistry measurements, TABLE VI represents 
the dif f er^hdes *'i$iet\i^^^^ dimer and the 

one with the specified Replacement. TABLE VII has the 
5 same foihial: ks'TAB^^^ with the following two 

exceptions:' ' (if ^as is added/ the 

previous 'ohe'{s)' are kept/ and (2) the reported 
d'it'f ^jc^en'ee xsr a ^c?cJmpari^6h be^een the current diiner ' 
and the one ref fedted in the preceding row. As the 
XO sUbsequenCial' change^^^ the predicted 

d'tttactive forces At 'the interface increase. If each 
column is siiiomed uj>*the total * difference between the 
unmodified dimer ^ind the brie with seven changes is 
dBtairiedV * "^The' b\ims are +1^40 ' for hydrophobic and +660 


2D. 


25 
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- ^l; :;- - TABLE VI * - ' . r-r r 

Effect- of amino acid replacements at the alfix 
interface •* 


5 

r- 
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12- EXAMPLE: EXPRESSION OF GENETICALLY 

MODIFIED HEMOGLOBINS IN TRANSGENIC ANIMALS 

Of the known human hemoglobin variants, 

g about two dozen exhibit a lower oxygen affinity^ which 

could -be .advantageous in clinical applications. While 

many of these mutants result in unstable hemoglobin 

molecules, several variants have desirable biochemical 

properties and can be used for the generation of blood 

substitutes, using recombinant ^DNA technology* 

Transgenic pigs expressing 'tWo of "^these variants, Hb 

Presbyterian (108 Asn-*Lys,'lFig. IG) and Hb Yoshizuka 

(108 Asn-*Asp, Fig- IF) have been produced and 

purification and characterization of the expressed 

human globins is described below. 

12. !• PURIFICATION AND CHARACTERIZATION 

OF Hb PRESBYTERIAN 


20 


25 


30 


35 


The amino acid substitution generated in Hb 
Presbyterian (jSlOS Asn-Lys) results in the comigration 
of Hb Presbyterian with the hybrid (hap/3) hemoglobin 
on isoelectric focussing gels. Based on previous 
results with the purification of human hemoglobin from 
hybrid and porcine hemoglobins and the more positive 
nature of the Hb Presbyterian it should be easier to 
purify this variant hemoglobin on an anion exchange 
resin. Approximately 500 ml of blood was obtained 
from the transgenic pig 57-10. The blood was washed 
several times with isotonic saline and then lysed by 
hypotonic swelling in water. The cell membranes were 
removed by centrif ugation at 10000 xg to yield a final 
hemoglobin concentration of about 100 mg/ml. Hb 
Presbyterian was purified from the hybrid and porcine 
hemoglobins as follows: 1-2.5 g of hemolysate was 
loaded onto an XK 50/30 column packed with 450 ml of 
Biorad Macroprep High Q resin equilibrated with 10 mM 
Tris-Cl and 20 mM Glycine at pH 8.1 (Buffer A). The 
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jproteins .were e luted at a flow rate of 10 ml/min with 
a linear salt gradient of 9-16% Buffer B (Buffer A 
containing 250 mM NaCl) over 3000 ml. 

.1-^:: 5. i^ ^he-;.initial peak was thought to be Hb 
5 P^e3i?xt??,i?.n followed by the co-elution of the hybrid 
lyiff^porcrifife' hemoglobi (FIG. 20). To confirm the 
identity of the first peak as Hb Presbyterian and not 
the hybrid hemoglobin, a sample of the protein was run 
on Reversed Phase HPLC (FIG. 21) . The initial peak 
* 10 from feKe anion exchange; column was Hb Presbyterian 

with tl>p .a-chains eluting at the same time as nonaal 
human a-chains and the /S-chains eluting slightly 
faster than normal human /3-chains. This was also 
found to be an excellent way of determining if porcine 
15 hemoglobin was contaminating the column fractions. 

Using this purification procedure and the analysis on 
HPLC the recombinant Hb Presbyterian derived from the 
transgenic pig 58-10 was judged to be greater than 95% 
pure. 

20 Purified Hb Presbyterian was dialyzed 

against 50 mM HEPES and 100 mM NaCl at pH 7.4 and 
oxygen equilibrium curves determined using a Hemox 
Analyzer (TCS Products, Southampton, PA). The Hemox 
Analyzer was modified to allow analog to digital data 

25 conversion for ease of oxygen binding calculations. 

Under these conditions the Hb Presbyterian had a P^o of 
25.8 mmHg (Hill Coefficient n=2.3) versus 13.3 mm Hg 
(n=2.9) for Hb A indicating that the Hb Presbyterian 
bound oxygen with lower affinity than native Hb. 

30 Preliminary results to determine the Bohr Effect 

(Influence of pH on the oxygen affinity) indicated a 
normal Bohr effect for Hb Presbyterian (FIG. 22). 


35 
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12 . 2 ; ^ PURIFICATION AND CHARACTERIZATION 
OF Hb YOSHIZUKA 

Blood samples taken, froir t±ie "transg^ pigs 
expressing Hb Yoshizv^a (68-3 arid 68-2) • were treated 
5 essentially the same as described above.*tr/rhe final 
concentration the f hesmfdlysate vas ^approxiTnately : 100 
mg/ml* The purification of the pr6tein required a 
slightly different strategy ;^-"howev5eirv 'A 'Sample ^;of 
hemolysate from 68-3 (about 10 mg) was loaded onto an 

10 HR 10/30 Biorad Macroprep High Q resin column 

equilibrated with 10 mM TriiB-Cl and 20 mM Glycihe: at 
pH 8.7 (Buffer A). The hemoglobins wera el^uted at 2.5 
mls/min with a 5-*'30% linear gradient -of Buf fer B 
(Buffer A plus 250 mM NaCl) over ^ 500 r.ml (FI43. ..23); 

'15 Fractions were collected and analyzed by lEF^tio assess 
purity which Was ^ det eirmifted to -be ^ labout e75% por better . 

13. pEPOSIT OF MICROORGANISMS 
The following plasmldff^ wer^^ dtepbsited iwith 
^20 the American Type culture ^collection (A^CO) ;. .12301 

Parklawn Drive, RockVille,vrMaryland 20852 von; December 
2, 1992. ' x^fn^.- : 

plasmid - • containing !:^: ^i: .accession'ino^ 

rpsaf /pige (k) pigei globin igene > :. i ■ 75371 

<25 pGem5/Pigi3pr(K) pig adult globin 75372 

gene regulatory region 
pPig3»iS 3 » end of pig ' ^ 75373 

/S globin g6heo i;.;.-, . . 
* • ' • • . "\ • y -if/ir'' ' • 

:-30 Various publications: are. cited herein which 

are hereby incorporated by reffefence in their 
entirety. - ^ : ^ - ' - ^ v.. v 


35 
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WHAT IS CLAIMED IS:. > - ..r ,,ov-r.. 

1. A iteansgenic pig coinprisjBd Of. the. DNA 
sequences encoding htuaan alpha globin and human beta 
5 globin operably linkecj promoter, e,leiaent5i .where . 
human hemoglobin is produced in ^ at l^east^. so^e of the. 
red cells of said pig and in which the nucleic acid 
construct is -the 426 construct ql^iqted in F4.g:ure 

1^- . . ' T f'-' }f\ -^c. » i - •.. 

10 ^ : - 

2^ :A transgenig ,pig: co?ip5i^ed.>pf .the DNA 
sequences encoding human alp^.a . globin ^nd ;;hwman beta 
globin operably linked to , promoter .e^ement^. where, 
human hemoglobin is p;5-pduped^dn \at ji^ast some^ of .the 
15 red cells of said pig and In ^ wJhicli .t^ nu<?^^eic je^cic^ . 
construct is the 427 jtjoiistruct .a^ ^ep^ct^ed. ip. ^ . 
Figure 14. ^ . ^v, j ^ i . : , . 

3. A transgei;i4.Ci pig cpjnpri^,ed, o:^,. the DNA 

29 sequences encoding huja^iiL.Alpba globin., a^^d beta 
globin operably linke^,.t.o^pr9moter, elements where 
human hemoglobin is produced in at least some of the 
red cells of said pig and in, whicl^^^^^ 

glpbin produced relative t^q^^^tal J^^ is at 

25 least twenty percent, : ; r . , 

.4* A transgenic? pig, cpmp^-ased pf. a;DNA. . . 
sequence comprising the pig adult .jS^c. globin: regulatory 
region as contained, in. plasm^d pGe^S/Pigj^pr^K) ^ 

30 deposited with the American Type Culture Collection 
and assigned accession number 75371, operably linked 
to a gene, in which the g^ne does ^not encpde pig: , adult 
i3 globin, where the gene ..is expressed- in at. least . some 
of the red blood cells. of said pig., 

35 

5. The transgenic pig of claim 4 in which 
the gene is human )S globin. 
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6i T The transgenafc-.pig-.of claim 4. in which 
the gene encodes a nQn7?glQbinr protein. 

7 • A transgenic; pig ^comprised :Of a DNA 
5 sequence comprising the i3 ? :region of .the pig adult 
globin gene, as contained, in plasmid pPig3')3, 
deposited with the American^.-Type Culture .Collection 
and assigned accession nui^bisr 75372, operably linked 
to a gene, in which the : gene.- is. not pig adult P 
10 globin, where the gene, isjexpressed in. at least some 
of the red blood cells>jOf ,.^aid^ pig. :^ 

8. The transgenic-Nplg^iof qlaim 7 in which 
the gene is human gl9bin; /:-;;r-\ r .:" 

9. The trcatnsgeMcvpig of claiin 7 in whi<:h 
the gene encodes a non-globin protein* 

10. A purified and isolated nucleic acid 
20 comprising: the pig adult 0 globin regulatory region 

as comprised in plasmid pGem5/Pigi8pr(K) , as deposited 
with the American Type Culture Collection and assigned 
accession number 75371. 

25 11. A purified and isolated nucleic acid 

comprising: the pig e globin gene as comprised in 
plasmid pSaf /pigc (K) , as deposited with the American 
Type Culture Collection and assigned accession number 
75373. 

30 

12. A purified and isolated nucleic acid 
comprising: the 3« region of the pig adult )S globin 
gene as comprised in plasmid pPig3'i8, as deposited 
with the American Type Culture Collection and assigned 
35 accession number 75372 • 


wo 93/25071 


r 57 - 


PCr/US93/0S629 


13 • A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
hiiman hemoglobin is produced "in at least some of the 
5 red cells of said pig and in wh4.ch the nucleic acid 
encoding human alpha globin or Ihuman beta globin 
comprises a mutation which increases the level of 
authentic human/human dimer in the transgenic pig. 

10 14, The transgenic p;ig of claim 13 wherein 

the mutation in human alpha hemoglobin is selected 
from the following group of alpha-chain mutations; a 
Thr at position 30 instead of :Glu; a Tyr at position 
36 instead of Phe; a Phe inste^ii of Leu at position 

15 106; a Ser or Cys instead of y£^l at position 107; and 
a Cys instead of Ala at position 111. 

l^^C The transgenic pig of claim 13 wherein 
the mutatioijk- in htuaan beta hemoglobin is selected from 

20 the foHtowing group of beta-chain mutations: a Leu 

instead >of ^Al position 33; a lie instead of Cys at 
positi<m 13^^ a Vpil or Leu instead of Ala at position 
115; a jiis p^hstead of Gly at position 119; a Met 
instead of :Pro at position ^12!B ;: and a Glu instead of 

25 Gin at rposijbion 131. ^ • 

16. The transgenic pig of claim 15 wherein 
the mutation in hiiman beta hemoglobin is a Cys to Val 
change at position 112. ; 

30 

17. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced in at least some of the 

35 red cells of said pig and in which the nucleic acid 
construct is the hemoglobin Presbyterian construct as 
depicted in Figure IG. 
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IS, A method for purifying himan 
Presbyterian Hemoglobin from a mixture of human 
hemoglobin, pig hemoglobin, and hiunan/pig hybrid 
hemoglobin, comprising: 
5 (i) collecting red blood cells from a 

transgenic pig according to claim 
17; 

(ii) releasing the contents of the 
collected red blood cells to 

10 produce a lysate; 

(iii) applying the lysate of step (ii) 
to a High Q resin column 
equilibrated with^.20 mM Tris-Cl 
and 20 mM Glycine ^at a pH 8.1; 

15 ,(iv) eluting the column. Jvith a linear 

salt gradient of 9r^l6% in buffer 
pontaining lOmM Trlk-Cl, 20mM 
nSlycine, 250mM NaCl at pH 8.1; and 
(V) collecting the fractions that 

20 ^ contain purified human 

Presbyterian "Hb. 

19. A",transgenic pig comprised of the DNA 
sequences encoding biiman alpha globin and human beta 

25 globin operably linked to promoter elements where 

human hemoglobin is produced in at- least some of the 
red cells of said pig and The transgenic pig of claim 
1 in which the nucleic acid construct is the 
hemoglobin Yoshizuka construct as depicted in Figure 

30 IF. 

20. A method for purifying. human Yoshizuka 
Hemoglobin from a mixture of human hemoglobin, pig 
hemoglobin, and human/pig hybrid hemoglobin, 

35 comprising: 


PCr/US93/0S«9 

collecting red blood cells from a 
transgenic pig according to claim 
19; 

releasing the conten.ts of the 
collected red bloodjpells to 
produce a lysate; / 
applying the lysate. jbf step (ii) 
to a High Q resin co}:iimn 
equilibrated with lOinM Tris-Cl and 
20mM Glycine a^ a pH S^V; 
eluting the column with a linear 
salt gradient of 5-30% in buffer 
containing lOmM Tris-Cl, 20mM 
Glycine, 250mM NaCl/^at pH 8.7; and 
collecting the fractions that 
co]:itain purified hum^n Yoshizuka 
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Adult pig globin promoter 

10 20 : 30 40 50 60 

. CCCCAGCCCT TTTTCCAGGT CAGCGCAGGG AAAAAACATG TTCTCTGTCC CTGGTTATAC 

70 i 80 : 90 100 110 120 

TGTTTAGAAA CATCACCTCC CTCGGCGAAA CTAAAACTTG GGGGTTGCAA TTTATTCCTT 

130 ' 140 ; 150 . 160 170 180 

GCTTCTTTGT ATTTCGTACC ACATTGAGAG AGCTCTAGGT TTTCATCCGC AGATTCCCAA 

190 2=50 it:^^210 : 220 230 240 

ACCTTCGCAG AGGA<3CTGTT TCACAGGACC GTGATTCAAG TTTACTCTAC TTTTCCATCA 

250 , : 260 270 280 290 300 

TTTATTTGGT CATATGTTTA AATGAAGAAA GAAAGGAATG A^SMACCTG AATGAAATGA 

A- i • 1 - ~ * 

310 320 -330 -340 350 360 

GTATTTGTTT Tq^TACCAGC AGGACtCAAT ACAAATGAAG .AGAAGAAAAA TACGCACATT 

370 i"/ ! 380 <*:>s390 > ^.400 410 420 

TAGGACTTGG GCASAGGTT T TATCC^ gGCT CTCCTTGTGG TTATTTCCCA TATTCAGAAG 

430 > 44^ ; 450 • 460 470 480 

GCGCGGGTGT GGATTCGTCT GTATGGTCCT AAATTGAACC ACAGTGGTCA AATCCCTCCA 

f - i 

490 ,\ 500 ^10 520 530 540 

CTTTCTGCTC CTO^GATTCT TCGTTTGTGT ACTAAGAAAA TGGGGAGGCA GTCTCTAAGA 

^f::.570 . 580 590 600 

GATTGCTACA GTGG^ACTCA ACTCTAAAAG TTGTACAGAC TTGCTAAGGA GGATGAAATT 

, - * / ' 

610 620 /630 ; 640 650 660 

AGTAGCACTT TGQACTGTGA GGATGGACCT AGAGCTCCCC AGAGAAGGGC TGAAGGTCTG 

670 680 690 ' 700 710 720 

AAGTTGGTGC'CAGGAACGTC TCGAAGACAG GTATACTGTC AACATTCAAG CCTCACCCTG 

730 / 740 : 750 760 770 780 

TGGAACCACG CCCTCG.CCTG GGCC/^TCTG CTCCCAGAAG CAGGGAGGGC AGGAGGCTGG 

790 800 - si'o b20^ 830 84 0 

GGGGGCATAA AAgGAAGAGC AGAGCCAGCA GCCACCTACA TTTGCTTCTG ACACAACCGT 

850 r3 860 .V"Bi70 ' 880 

GTTCACTAGC AACTGCACAA ACAGACAA cR""t9 gTGCATCT GTCTGCTGA 
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X237 CCCCAGACACTCTTCCACATTACTCCACCCAGAAA CA GTTAGATGTCCCCACTT^CC 

^i.c 15 TTACAAACATCACCTC CCTCGCCCAAACTAAA.2.CTTCGGGCrrGCAATTTATT/- 
13^5 TCfTATTTGACACCACTGATTACCCCATTCATACT 

1 1 B CTTCCTTCTTTCTATTTrCTACCACATTCAG AGAGCTCTAGGT^ 

' 1404 TTTATTTATTTCTATTTrTGACTGCATTAACAGCTCTCTAGTSTf^ 

* •* * . » ^ ^ 

IJS CAAACCTTCGCAGAGGAGCTCTTTCACAG G ACCCTCATTCAAGTTTACTCTACTTTTC 

CAAAACCTAATA AGTAACTAATCCACAGAGCACATTCATTTCTATTTA7TCTA 

* * ♦•*•** »**»^^ » « ^ 

236 CATCATTTATTTGCTCATAifCTTTAAATCAAGAAA^- ■ 270 

1323 'CA<;^AATTTATTAGCATGCATGAGCAAATTAAGAAA- ' 1559 


Hatches = 1:76: Length - 277 ; t.atches/lengch = 63.5 percent 

1629 TTTpqrTTTCTTACCACAACCTTTTAATCCAAATAACCAQ^iACATJ^ 

?-L TCTCtAA GACATTGCTAC AGTCGG ACTCA ACTCTAAAAGTTCTACAGACTTcrTA a 

io65 accaagctgtgattccaaatattacctaaatacactSc^^ 

588 GGAGGATCAAATrAGTAGCACTTTCCACTGTGACa'-kTbG ACCTAGAGCTCrrrArAr a 

1924 GCAATTTGTACTGA TCGTATGGGGCCA.^GAG^ 

*•** -*** * ••**••• 

ACGCCTGAACGTCTG AACTTGCTGCCACCAACCTCTCC AAG ACAGCTATA r^r'rrk k r.* 

SSSfHHIS*S5SSS*^**'='=**^^<^<^<5<^CT<WCCCAATCTCCTCCCACAACaVGG 
OTACACCTCACCCTCTGCACCCAOICCCTACCCTTCGCCAATCTACTCCCACC^^ 

GAGCTCAGGAGCCTGGGG GGGCATAAAACCAAGAGCAGACCCAGCAGCCACCTArATTT 
GACGCCACGACCCACCGCTCGGCATAAAAGTCACGCCACAGCCATCTA^^ 

* ** ** • • « 

2161 CCTTCTGACACAACTCTCTTCACTAGCAAC CtCAAACACACACCATCCTCCACCrclc 

• • * . 

5S4 TGCTGA 389 117 Q 

2219 TCCTCA-, 2224 I A ^^/X/Ul— /- 


646 
1983 


705 
2041 


765 
2101 
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abstract The seri<nis shortage of human cNTgans avail- 
abk for transplantatfon has engendered a heightened interest 
in tlie use of animal organs (xenografts) for transplantation. 
However, the m^or barrier to successHal discordant x<aK>ge> 
neic organ transplantation is the [Aenomenon of hyperacute 
rejection. Hyperacute rejection results from the deposition iA 
high-titer preformed antibodies timt activate serum comple- 
ment on the luminal surface of ttie vascular endotlkelinm, 
leading to vessd occlusion and graft failure within minutes to 
hours. Although endogmous membrane-assodated comi^ 
ment intiibitors normally protect endothelial ceDs from autol- 
ogqus complement, they are species restricted and thus confer 
Ihidted resistance to activated xenogeneic complement. To 
address the pathogenesis of hyperacute rejection in xenotrans- 
plantation, transgenic mice and a transgenic pig were enjgi- 
neered to express the human terminal complement inhibitor 
hCI>59. High-level cell surface expression of hCI>59 was 
achieved in a variety of murine and porcine cell types, most 
importantly on both large vessel and capOlary endothelium. 
hCD59*expressing porcine cells were significantly resistant to 
challenge with hlgh-titer anti-porcine antibody and human 
complement. These experiments demonstrate a strategy for 
developing a plg-to-primate xenogeneic transplantation nAOdel 
to test whether the expres^n of a human complement inhibitor 
In transgenic pigs could render xenogeneic organs resistant to 
hyperacute rejection. 


The lack of effective therapies aimed at eliminating antibody- 
and complement-mediated hyperacute rejection presents a 
major barrier to the success!^ transplantation of discordant 
animal organs into human recipients (1-6) and has precluded 
the development of animal models aimed at evahiating the in 
yivo ceUular immune response to discordant xenografts. Old 
World primates, including humans, have high levels of pre- 
existing circulating natural antibodies that predominantly 
recognize carbohydrate determinants expressed on the sur- 
fias^ xA xenogeneic cells from discordant species (2^6). Re- 
cent evidence indicates that most of these antibodies react 
with the carbohydrate epitope, Gal(al-3)Gal (7), an epitope 
^ absent from Old World primates because of a lack the 
functional a-l,3-galactosyltransferase enzyme (S). There- 
fore, after transplantation of a vascularized xenogeneic donor 
organ into a primate recipient, the massive inflammatory 
response that ensues from natural antibody activation of the 
classical complement cascade leads to activation and de- 
struction the vascular endothelial cells and ultimately of 
the donor organ within minutes to hours after revasculariza- 
tion (2^6). Endogenously expressed membrane-associated 
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complement regulatory proteins normally protect endothelial 
cells from autologous complement. However, the activity of 
these complement inhibitors is species restricted. This prop- 
erty makes them relatively ineffective at inhibiting xenoge- 
neic serum complement (9, 10). The demonstration that a 
human complement inhibitor could protect a xenogeneic cell 
from human complement-mediated lysis showed that it was 
possible to inhibit human anti-jxHrine hyperacute rejection in 
in vitro models (11). 

The strategy used to address the pathogenesis of hypera- 
cute rejection in the porcine-to-primate xenotransplantation 
model was to produce transgenic swine expressing high levels 
of the human terminal complement inhibitor hCD59. hCD59 
is an 18- to 20-kDa glycosyl-phosphatidylinositol-anchcHred 
cell surface glycoprotein that is expressed in a variety of 
tissues of both hematopoietic and nonhematopoietic lineage 
and functions to inhibit formation of the membrane attack 
complex by binding to membrane C5b-8 and C:5b-9 (9, 10). 
Stable expression of hCD59 on xenogeneic cells in vitro 
protected the cells from human complement-mediated cell 
lysis (12-14) and the level of protection was directly propor- 
tional to the number of molecules of hCD59 expressed on the 
surface of the xenogeneic cell (14). Importantly, hCD59- 
expressing porcine aortic endothelial cells were resistant not 
only to cell lysis but also to complement-mediated formation 
of a procoagulant surface when challenged with either human 
or baboon serum (15). Taken together, these results indicated 
that high-level expression of hCD59 could provide porcine 
tissue with significant protection from human serum com- 
plement in a xenotransplantation setting. Therefore, hCD59 
was chosen as a candidate molecule for production of trans- 
genic swine resistant to human complement. In this report, 
we demonstrate the successful production of a transgenic pig 
expressing high levels of hCD59 that protect the pig cells from 
human complement-mediated cell lysis. 

MATERIALS AND METHODS 

H2JC^-hCD59 DNA Ctmstruct, Purification, and Microhi- 
jection. A hCX>59 cDNA was directionally cloned into exon 
1 of the murine /CK*-gene 12 nucleotides downstream of the 
transcriptional start site. Briefly, the hCD59 cDNA fragment 
was excised from a hCD59-pcDNAI-Amp (pcDNAI-Amp; 
Invitrogen) expression plasmid by digestion with /fmdIII, 
followed by enzymaticaUy Oiling in the 5' 4-nucleotide over- 
hang with T4 DNA polymerase and dNTPs. Subsequently, 


Abbreviations: MHC, major histocompatibility complex; PBMCs, 
peripheral blood mononuclear cells; mAb, monoclonal antibody; 
PHA, phytohemagglutinin; FITC, fluorescein isothiocyanate; 
hiTNF-a, human recombinant tumor necrosis fector a; IFN, inter- 
feron. 
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the DNA was digested with Not I at the 3' end of the multiple 
cloning site of the vector to yield a 452-bp cDNA fragment. 
The 9.0-kbp EcoRl H2K^ genomic restrict! n fragment (16) 
cloned into pG£M7Z (Promega) was digested with Nru I and 
Not I» resulting in the removaJ f 51 nucleotides from the 
H2K^ gene including the ATG start codon. The hCD59 cDNA 
was then directionally ligated into the H2K^ gene in the 
pGEM7Z vect r. 

Purification of the ffiJ^*-hCD59 DNA f r embryo injec- 
tion was accomplished by digesting the plasmid with Xho I to 
remove the vector sequences follpwed by agarose gel elec- 
trophoresis, electroelution, and Elutip purification (Schlei- 
cher & Schull). Transgenic mice were produced by pronu- 
dear microiiyection of murine ova as described (17). Ten of 
60 offspring were identified as transgenic founder animals by 
DNA slot blot hybridization (18) (data not shown). Trans- 
genic swine were generated by porcine embryo ii\jection (19). 
A total of 18 piglets were analyzed by DNA slot blot analysis 
of genomic DNA (18). One founder animal, ffiX*-hCD59 
153-2, contained 10-20 copies of the H2K**-iiCD59 DNA. 
Two additional founder animals, /f2#:*-hCD59 152-1 and 
ffiX''-hCD59 152-2, contained «*1 copy of the H2/:*-hCD59 
DNA and exhibited no expression or very low and inconsis- 
tent levels of expression in peripheral blood mononuclear 
cells (PBMCs) (data not shown). These animals were not 
analyzed farther. 

Cell Cultarey Immunofluorescence, and Immnnohistochem- 
istry* PBMCs from transgenic and negative littennate contn^ 
pigs were purified from whole blood by FicoU gradient 
centrifugation (rrf. 20, pp. 7.1.1-7.1.2). Adherent mcmocytic 
mononuclear cells were cultiired in Dulbecco*s modified 
£agle*s medium/15% fetal bovine serum. PBMCs from trans- 
genic mice and ne^tive littermate control animals were 
piuified from whole blood by ACK lysis (Biofluids, Rock- 
ville, MD). Indirect immunofluorescence of porcine PBMCs 
was performed with the anti-hCD59 mouse monoclonal an- 
tibody (mAb) MEM-43 (Biodesign International, Kenneb- 
unkport, ME) and with the anti-swine leukocyte antigen 
(SLA) class I mAb PT85A (VMRD, PuUman, WA). Indirect 
immunofluorescence of murine PBMCs was performed with 
polyclonal antisera specific for hCD59 (P. Sims, Blood Re- 
search Institute, Milwaukee). Goat anti-rabbit IgG (polyclo- 
nal sera; Zymed) or goat anti-mouse IgG (monoclonal sera; 
Zymed) fluorescein isothiocyanate (FITQ-coiyugated anti- 
sera were used to detect specific antibody binding to the ceU 
surface. Cell surface expression was then measured by flow 
cytometry on a Becton Dickinson FACSort. 

The cytokine inducibility of H2K^'-hCD59 and the endog- 
enous porcine SLA class I molecule was tested on adherent 
peripheral blood monocytes. Briefly, porcine cytpkine- 
conditioned medium supematants were produced firom con- 
trol pig PBMCs. PBMCs harvested ftom a control pig were 
stimulated witfi pbytohemagglutinin (PHA; 5 /ig/ml) for 48 h. 
PHA-conditioned media were collected and treated with 10 
mM methyl o-mannoside and filter sterilized. Human recom- 
binant tumor necrosis factor a (hiTNF-a; Collaborative 
Biomedical Products, Bedford, MA) was used at 500 units/ 
ml. Adherent peripheral blood monocytes were then treated 
with medium alone, 50% PHA-conditioned medium (diluted 
1:1 with complete medium), 50% PHA-conditioned medium/ 
hiTNF-a, or hrTNF-a for 24 h. Cytokine-induced expression 
of hCD59 and SLA class I was detected by inmiunofluores- 
cence and fluorescence-activated cell sorter analysis as de- 
scribed above. 

Immunohistochemistry was performed on fresh frozen 
sections embedded in Tissue-Tek OCT compound (Miles). 
Tissue sections (5-10 ^m) were processed as described (ref. 
20, pp. 5.8.1-5.8.2). Sections that were double stained were 
processed simultaneously with the mouse anti-hCD59 mAb, 
MEM-43 (20 Mg/ml), and the anti-type IV collagen rabbit 


polyclonal antiserum (21) G:50 dihiti n). Fluorochrome- 
coiQugated goat anti-mouse IgG and goat anti-rabbit IgG 
antisera were used to detect specific antibody interactions 
with the hCD59 antigen (goat anti-mouse ihodamine; AMAC, 
Westtm>ok, ME) and type IV collagen antigen (goat anti- 
rabbit FrrC; Zymed). 

Complement-Mediated Dye Release Assays. PBMCs or pe- 
ripheral blood adherent cells were labeled with the intracel- 
hilar dye Calcein AM (Molecular Probes). The cells were 
subsequently incubated with anti-porcine blood cell IgO (2 
mg/mO (Intercell Technologies, Hopewell, NJ) followed by 
incubation in increasing concentrations of human whole 
serum (Sigma) at STC for 30 mtn. Dye released firom the cells 
' was determined by flow cytometry on a Becton Dickinson 
FACSort. The C5b-9-specific dye release was calculated as 
percentage total, correcting for nonspecific dye release and 
background fluorescence measured on identically matched 
controls without the addition of serum. Antibody blocking 
experiments were performed by the complement-medkited 
dye release assay as described above with the foUowing 
exceptions. The ceUs were incubated in 20% C8-deficient 
serum (C8d; Quidel, San Diego) at yTC for 30 min after 
anti-porcine blood ceU antibody activation. The cells were 
then incubated with hCD59 polyclonal antiserum (100 fig/ml) 
or anti-SLA class I antiserum FT85A (100 Mg/nil)- Purified 
human ((^del) and C9 (Quidel) complement components 
were then added in increasing concentrations and incubated 
at yrc for 30 min. Dye released from the cells was detected 
by flow cytometry on a Becton Dickinson FACSort as 
described above. 

RESULTS 

Transgenic Expresaon. To achieve expression of the trans- 
gene-encoded hCD59 we engineered a murine nuyor histo- 
compatibility complex (MHQ class I gene, fCiC* (16), to 
control the expression of a hCD59 cDNA, H2iC*-hCD59 
(Fig. 1). The MRC class I gene is ubiquitously expressed on 
most somatic cells and, most importantly, is a predominant 
endothelial cell surface antigen (22, 24). In addition, the MHC 
class I promoter contains cis-actihg regulatory elements that 
bind cytokine-inducible trans-acting factors, resulting in up- 
regulation of the class I gene upon stimulation with interferon 
aFNVa/^, IFN-y, and TNF-a (22-25). A hCD59 cDNA was 
cloned into exon I of H2K^ and results in a transcript that 
initiates at the H2K^ transcriptional start site and proceeds 
through both the cDNA insert and the entire transcriptional 
unit of the H2K^ gene. Translation initiates at the ATG codon 
of the inserted cDNA and terminates at the cDNA stop 
codon. The rest of the H2K^ gene remains untranslated and 
fimctions only in RNA processing, providing the cDNA with 
a genomic structure that contains all thexegulatory elements 
required for H2K^ expression (22-25), 
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Fio. 1. H2K^ genomic cassette. A linear representation of the 
hybrid gene constmct detailing the exon-intron structure of H2K^ 
and the insertion of the hCD59 cDNA into exon 1. 
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The efficacy of the H2K''-hCD59 genomic expressi n 
construct in directing ceil surface expression of hCD59 in 
various tissues was tested in transgenic mice and pigs. Initial 
analysis demonstrated that the H2K^-hCD59 genomic con> 
struct directed the egression of hCD59 on the surface of 
PBMCs in several founder transgenic mice and transgenic pig 
153-2 (Fig. 2 A and B, respectively). Importantly » expression 
of hCD59 on the surface of the porcine mononuclear cells 
paralleled that of SLA class I (I^g. 2B). The comparable 
expression of hCD59 to SLA class I indicated that the murine 
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Fio, 2. Cell surface expression of hCDS9 in transgenic mice and 
a transgenic pig. C^) Expression of hCD59 on murine PBMCs 
detected in transgenic mice H2K^-CD59-ll (curve a), ffiJC*- 
CD59-23 (curve b), W2i:*-CD59-21 (curve c), and a negative litter- 
mate control (curve d). (0) Cell surface expression of hCD59 and 
SLA class I detected on porcine PBMCs . Curve a» hCD59 expression 
in transgenic pig //2iirMiCDS9 153-2; curve b, SLA class I expres- 
sicm in transgenic pig H2K^-ikCD59 153-2; curve c» negative Htter- 
mate control PBMCs incubated with the hCDS9 mAb. (O Cytokine- 
induced cell surface expression of hCD59 on cultured adherent 
PMBCs from pig H2K^-hCD59 153-2; goat-anti-mouse FTTC control 
antiscra (curve a); hCD59 expression on uninduced cells (curve b); 
hrTNF-a (curve c); PHA conditioned medium (curve d); PHA 
conditioned medium + hrTNF-a (curve e). (D) Cytokine-induced cell 
surface expression of SLA class I on cultured adherent PBMCs from 
pig f22XMiCD59 153-2; goat-anti-mouse FTTC centred antiserum 
(curve a); uninduced cells (curve b); hrTNF-a (curve c); PHA 
conditioned medium (curve d); PHA conditioned medium + 
hiTNF-a (curve e). 


H2K**-hCD59 tumeric gene was constitutively r^:u]ated» 
similar to the endogenous porcine SLA class I molecules. To 
establish whether the H2K^-hCD59 chimeric gene exhi)nted 
cytokine inducibility comparable to the end genous SLA 
class I gene, we cultured adherent m nocytic PBMCts. In- 
terestingly, after prolonged culture, these m nocytes had 
downregulated cell surface expression of both SLA dass I as 
well as the hCD59 transgene-encpded protein (compare Fig. 
2B, curve b, to Fig. 2Z>, curve b for class I and Fig. 2B, curve 
a, to Fig. 2C, curve b, for hCD59). Treatment of the trans- 
genic porcine cells wil^ PHA-induced cytokine-conditioned 
medium, with hrTNF-o, or with a combination of the treat- 
ments resulted in an increase in hCD59 expression (Hg. 2C) 
as well as an increase in SLA class I expression (IHg. 2I>). 

We next examined hCD59 expression on the endothelium 
of vascularized organs. Immunohistochemical analyses were 
performed on fresh-frozen tissue sections derived from 
hCI>S9 transgenic mice and pigs as well as &om nontrans- 
genic littermates. Phase-contrast micrographs illustrating the 
structure of mouse myocardium are shown in Fig. 3 A and D. 
Tissue sections from three founder mice were analyzed for 
hCn>59 expression. Mouse hearts were incubated with anti- 
collagen type IV polyclonal antisera to detect basement 
membrane structures underlying the endocardium as well as 
intramyocardial capillary endothelia (21). Fig. 3 B and 
respectively, confirmed eq\iivalent collagen staining in the 
negative littermate control and a representative hCD59 trans- 
genic mouse, H2^''-hCD59-8. In contrast, staining with a 
mAb specific for hCD59 revealed intense cell surface expres- 
sion on endothelial cells in the heart of transgenic mouse 
fl2i!:*-^CD59-8 (Fig, 3F) and an absence of hCD59 expres- 
sion in the negative littermate control (Fig. 3C). Fig. 3F 
dramatically highlights the expression of hCD59 on vascular 
structures and clearly shows high-level expression of bCD59 
on the endocardium in the ventricular chamber. Abundant 
hCD59 was also detected on capillary vessels within the 
myocardium (Fig. All three founder transgenic mice 
analyzed revealed hCD59 staining on the endocardium and 
capiQary endothelium. To evaluate vascularized structure in 
the transgenic pig without having to sacrifice the founder 
animal, tail sections were prepared and analyzed by immu- 
nohistochemistry as described for the mice. Phase-contrast 
mioographs illustrate the morphological structure of a tail 
artery from a negative control pig (Rg. 4A) and a tail artery 



Fio. 3. Double-label immunofluorescence microscopy of hCD59 
and type IV collagen on murine heart tissue from a H2K^~hCD59 
transgenic mouse and a negative Uttermate control. Phase-contrast 
nucrograt^s of murine ventricular myocardium (A and D). L, himen 
of the left ventricle lined by endothelial cells, (fi and E) Immuno- 
fluorescence micrographs detecting type tV collagen (fluorescein) of 
the same myocardial sections illustrating basement membrane struc- 
tures undnlying the endocardium. Immunofluorescence micro- 
graphs (rfaodamine) of the same myocardial sections detecting hCD59 
in a negative Uttermate control (C) and H2K'*-hCD59-% (F). (x400.) 
(Bar 25 /un.) 
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Flo. 4. Immunofluoresceiice microscopy of hCD59 on swine tail 
secdoQS from pig /C^*-hCD59 153-2 and a negative Uttennatc 
control. (A) I%ase-contrast micrograph of a dermal artery from the 
negative littermate iOustrating the himen (L), the nidothelial cell layer 
(arrow), and the tunica media (m). (0) Immunofluorescence micro- 
graph (rhodamine) of the same section pictured in A^ illustrating the 
himen» the endothelial ceQ layo-, and the tunica media. (O Phase- 
contrast micrograph of a dermal artery from pig /22JC^-hCD59 153-2» 
iUttstrating the lumen, the endothelial cell layer, and the tunica media. 
C/>) Immunofluorescence micrograph (rhodamine) of the same section 
pictured in C, iOustratmg the lumen, the endothelial cell layer, and the 
medial smooth muscle cells (m). (£) Phase-contrast microgre^ of a 
dermal microvessel from ing H2K^^CX>S9 153-2, iUustrattng the 
lumen and the vessel wall. (F) Immunofluorescence micrograph 
(rhodamine) of the same section pictured in illustrating the lumen, 
and an abundance of liCD59 expression. (x400.) ^ar » 25 /xm.) 

and small vessel frt>m the transgenic founder pig 153-2 (Fig. 
4 C and E, respectively). High-level hCD59 expression was 
observed on a variety of tissue and cell types, includii^ 
fibroblasts, epithelial cells, vascular endothelial cells, and 
smooth muscle cells within the tail section of the transgenic 
pig (Fig. 4 D and F) but not in the negative littermate (Fig. 
4B). Not all tissue in the transgenic pig tail section revealed 
hCD59 staining; however, tissues such as striated muscle are 
known to express very low levels of the class I antigen and 
therefore would not be expected to express the class I-reg- 
ulated hCD59 transgene (24). These analyses confirmed that 
the ffi^*-hCD59 genomic construct directed expression of 
hCD59 to a variety of cells and tissues in transgenic pig 153-2 
and, most importantly, to the surface of vascular endothelial 
cells. 

Complement Resistance. To determine whether the high 
levels of transgene expression observed on the transgenic pig 
cells conferred significant protection from himian comple- 
ment-mediated attack, functional analyses were performed 
n hCD59-expressing porcine PBMCs collected frt>m trans- 
genic pig 153-2 and a nontransgenic littennate control. The 
data deariy demonstrated that hCD59-expressing porcine 
ceUs, but not cells from a nontransgenic littermate, signifi- 
cantly resisted human complement-mediated lysis (Fig. SA), 
The percentage dye released frx>m hCD59 protected cell was 
«'5-fold less when compared with the amount of dye released 
fi^m negative littermate control cells. To confirm that the 
protection observed in PBMCs was due specifically to hC:i>59 
expression, antibody blocking experiments were performed. 
As shown in Fig. SB, the anti-hCD59 polyclonal antisera 
blocked the hCD59-mediated protection, resulting in an in- 
creased susceptibility of the porcine cells to human comple- 
ment-mediated cell lysis. In contrast, the control antibody 
had no effect. 

To evaluate whether the degree ci protection of porcine 
cells fix)m human complement attack was a function of the 
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Fio. 5. Complement-mediated dye release assays on porcine 
PBMCs and cultured peripheral blood adhmnt cells. (A) Dye release 
assay performed on porcine PBMCs (^), transgenic pig H2K^~ 
hCD59 153-2; (a), negative littermate control. {B) Dye release assay 
performed on PBMCs from transgenic pig //2i:MiCD59 153-2 
incubated in the presence of anti-hCD59 polyclonal antiserum (^); 
control class I antibody PT85A (•); negative littermate control 
PBMCs incubated in the presence of anti-hCD59 polyclonal antise- 
rum (a); control class I antibody PT85A (o). {€) Complement- 
mediated dye release assays on poroine perq>heral blood adhmnt 
cells from pig /r2JC*-4iCD59 153-2; uninduced cells (a), PHA super- 
natants (■). PHA supernatants + hrTNF-o (a), hrTNF-a (•), and 
control negative littermate cultured peripheral blood adherent cells 
(o). 

level of hCD59 expressed on the cell surface, experiments 
were performed on the cultured monocyte lines derived from 
the HlK^-hCDS^ 153-2 transgenic pig, which showed in- 
creased cell surface expression in response to cytokine 
treatments (see Ftg. 2). Significantly, these monocytes dem- 
onstrated increased susceptibility to human complement- 
mediated lysis, consistent with the loss of hCD59 expression 
(Fig. 5C). As previously shown, culture of these cells in the 
presence of cytokines known to induce the MHC class I 
promoter— 4.e., IFN-y and TNF-o— upregulated hCD59 ex- 
pression (Fig. 2C). Importantly, upregulating hCD59 ticptesr 
sion restored their complement-resistant phenotype (Fig. 
5C). These results confirm that the level of transgene ex- 
pressi n correlates with cellular.protecti n and also highlight 
the potential utility of the inducible H2K^ promoter in the 
setting of a cytokine-mediated inflammatory response. 
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DISCUSSION 

Expression <^ human cdmplement inhibitor hCD59 was es- 
tablished in transgenic mice and in a transgenic pig utilizing 
the murine MHC class I gene as a genomic expression 
cassette. The proteins encoded by the MHC class I genes 
from human (HLA)» mouse (MHQ» and swine (SLA) are 
e^qsressed in most somatic cell types inchiding the vascular 
endothelium (22, 24, 26). Therefore, a MHC cls^s I promoter 
should direct hi^levd transgene expression in the endothe- 
lial ceQs of vascularized organs. The additional advantage to 
this genomic expression strategy is that the dass I promoter 
has the edacity to upregulate hCD59 expression in response 
to die inflammatory cytokines IFN-y and TNF-a (22, 24, 25). 

We have approached the problem of complement-mediated 
hyperacute rejection during pig-to-primate xenotransplanta- 
tion by engineering the xenogeneic donor tissue with human 
complement inhibitor hCD59. The analyses of hCD59 in 
H2K'''4kCD59 transgenic mice and transgenic pig 153-2 dem- 
onstrated that the H2K^~hCD59 genomic construct regulated 
the expression of hCD59 in the context of a transgenic 
genome. Cell surface expression of hCD59 was detected in a 
variety of cells and tissues, including the vascular endothe- 
lium. The assays used to determine the protective effects of 
hCD59 expressed on the transgenic cells were performed 
with human whole serum, which contains serum complement 
components, as well as high-titer natural antibodies (W.L.F. 
and S.A.R., unpublished data). In addition, anti-porcine 
lymphocyte antiserum was used to enhance the activation of 
the classical complement pathway on the surface of the target 
cell. Our data demonstrated that the level of hCD59 ex- 
pressed on the cell surface protected the xenogeneic cell even 
in the presence of additional complement-activating antibod- 
ies. 

The utility of blocking complement as a method to prevent 
hyperacute rejection in pig-to-primate xenotransplantation 
was demonstrated by using cobra venom factor (CVF) and 
recombinant soluble complement receptor type 1 (sCRl) 
(refs. 27 and 28, respectively). A significant delay of com- 
plement-mediated hyperacute rejection in pig-to-primate het- 
erotopic cardiac xenotransplantation was observed with the 
administration of CVF for two consecutive days before 
transplantation (27) or with a single intravenous bolus of 
sCRl before xenograft reperfusion (28). The advantage of 
developing a transgenic donor animal expressing a human 
complement inhibitor is to provide the donor tissue with an 
endogenously expressed membrane-bound inhibitor and 
therefore does not rely oh repeated administration phar- 
macological agents. 

The successful engineering of transgenic swine expressing 
a human complement inhibitor, and the demonstration that 
cells from these animals were significantly protected from 
human complement attack, suggests that this strategy may 
represent a useful component of an overall approach to 
discordant xenotransplantation. This transgenic approach 
will hopefully make porcine-to-primate transplantation mod- 
els feasible that will allow the cellular aspects of discordant 
xenograft rejection to be evaluated. In addition, the produc- 
tion of porcine organs resistant to hyperacute rejection may 
open therapeutic windows for organ transplantation into 
humans, particulariy when this technology is coupled with 
advances in cellular immunosuppressive regimens. 
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The serioTis shortage of available donor or^ns for 
iti nts with end st^e organ failure who »^ 
'solid rgan transplantation has led to a hei^tened 
iterest in xenotransplantation- The major barrier to 
iccessful discordant xenotransplantation is hyper- 
(mterej cti m Hyperacute rejection results firom the 
eposition of preformed antibodies that activate com- 
lement n the luminal surface of the vascular endo- 
1 lium, leading to vessel ocjdusion and graft failure 
ithin minutes to hours. Endogenous membrane-asso- 
iated complement inhibitors normally protect endo- 
hielial cells firom autologous complement- however, 
bese molecules are species-restricted and therefore 
re ui ffective at inhibiting activated xenogeneic com- 
►1 m nt. To address the pathogenesis of hyperacute 
ejection in the pig-to-human combination, Fj off- 
pring were generated from a transgenic founder an- 
mal that was en^eered to express the human termi- 
lal complement inhibitor hCD59. Hi^-level cell 
runfoce expression of hCD59 was detected in the 
learts and kidneys of these tranfi^enic F^ animals, 
nmilar to egression levels in human kidney tissue, 
rhe hCD59 was expressed on both lai^e vessel and 
^pillary endothelium. Ex vivo perfusion experiments, 
using humsm blood as the perfusate, were performed 
wdth transgenic porcine hearts and kidneys to evalu- 
ate the ability of hCD59 to inhibit hyperacute rejec- 
tion. Thes experiments demonstrated that transgenic 
organs expressing hCD59 resisted hyperacute rejec- 
tion, asm asured by mcreased organ function for both 
the hearts and the kidneys, as compared with control 
pig organs. Hearts from hCD59-expressing ani m als 
demonstrated a five-fold prolongation in function 
compared with controls, 109.8 ± 20.7 min versus 21.2 ± 
23 min (P = O.IM). The hCD59-expressing kidneys also 
demonstrated significantly prolonged function at 
157.8 ± 27,0 min compared with 60.0 ± 6.1 min for 
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controls (P = 0.0174). Deposition of C9 neoantij^n in 
the vasculature of porcine organs perftised with hu- 
man blood was markedly reduced in organs ex^s^ 
ing hCD59. These studies demonstrate tiiat C5b-9 
plays an important role in hyperacute rejection of a 
porcine organ perfused with human blood and suggest 
that donor pigs transgenic for hCD59 may be an inte- 
gral component of successful clinical xenotransplan- 
tation. 

The major barrier to successful discordant pig-to-primate 
xenogeneic organ transplantation is the phenomenon of hy- 
peracute rejection (HAR)* (l-^l HAR results from the dep- 
osition of naturally occurring antibodies that activate com- 
plement on the luminal surface of the xenogeneic vascular 
endothelium. This antibody- and complement-mediated in- 
flammatory response leads to endothelial cell destruction, 
vessel occlusion and graft failure within minutes after revas- 
cularization of the xenogeneic donor organ. Old World pri- 
mates, including humans, have high levels of preexisting 
circulating antibodies that predominantly react v?ith carbo- 
hydrate epitopes expressed on the surface of the xenogeneic 
cells from discordant species. Recent evidence indicates that 
most of these antibodies react with the carbohydrate epitope, 
Gal(al,3)Gal (6), an epitope absent from Old World primates 
due to the lack of a functional al,3 galactosyltransferase 
enzyme (7). 

Several strategies aimed at blocking hyperacute rejection 
involve inhibiting complement activation or natural antibody 
reactivity {81 The utility of blocking complement as a method 
to prevent HAR in pig-to-primate xenotransplantation was 
demonstrated using cobra venom factor (CVF) and recombi- 
nant soluble complement receptor type 1 (sCRl) (9, 10). A 
marked delay of HAR in pig-to-primate heterotopic cardiac 
xenotransplantation was observed vrith the administration of 
CVF for two consecutive days prior to transplantation (9) or 
vntb a sin^e intravenous bolus of sCRl prior to xenograft 
reperfusion {101 Additional studies demonstrated prolonga- 
tion of cardiac function and prevention of HAR when a mono- 
clonal antibody (mAb) to human 05 was added to human 
blood used to perfuse a porcme heart ex vivo (li). Methods 
used to address the efficacy of inhibiting natural antibody 
reactivity during hyperacute organ rejection include removal 
of xenoreactive antibodies (12-14) or inhibiting antibody 
binding using soluble carbohydrate therapy (25). An alterna- 

♦ Abbreviations: CVF, cobra venom factor, HAR, hyperacute rejec- 
tion; hCD59, human CD59; mAb, monoclonal antibody; sCRl, solu- 
ble complement receptor type 1. 
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tive to these methods is to engineer don r organs with en- 
dogenous mechanisms to prevent antibody binding or com- 
plement activation {16-18)- 

Several groups have tested this strategy in vitro by engi- 
neering cultured porcine aortic endothelial cells to express 
human membrane-assodated complement inhibitors on the 
endotheUal cell surface (19, 20). These inhibitors effectively 
prevent activation of homologous complement but are unable 
to inhibit complement from divergent species (21, 22). Ex- 
pressing human complement inhibitors on porcine endothe- 
Ual ceUs provided these cells with a protective barrier against 
the cytotoxic effects of human complement (19, 20). To test 
the efficacy of a human complement inhibitor in a whole 
organ model, Fodor et al. developed transgenic pigs that 
expressed human CDo9 (16). CD59 functions as a terminal 
complement inhibitor by preventing the binding of C9 to 
C5b-8. thus inhibiting formation of the membrane attack 
complex (22), Expression of hCD59 was detected on periph- 
eral blood mononuclear cells as well as on vascular endothe- 
Ual cell surfaces. In addition, expression of the hCD59 trans- 
gene significantly protected porcine endotheUal cells from 
complement-mediated cytotoxicity in vitro and suggested 
that organs from this animal would be resistant to HAR in a 
pig-to-primate transplant model. In the current study, we 
demonstrate hCD58 RNA and protein expression in the 
h arts and kidneys of of&pring derived from the trans- 
genic founder animal. Immunohistochemical analysis of 
heart and kidney tissue revealed significant vascular expres- 
sion of hCD69. The abiUty of hCD59 to prevent HAR was 
tested in an ex vivo porcine organ perfusion system using 
human blood as the perfusate. The results demonstrate that 
hCD59-expressing transgenic organs exhibited an increase 
in sinndval compared with normal pig organs, 

MATERIALS AND METHODS 


Generation of human CD59-€xpressing transgenic founder ani- 
mals. Development of the transgenic founder animal has previously 
been described {16), The founder animal was bred to several gQts and 
hybrid offspring were screened for the hCD59 transgene by slot 
blot analysis firom tail vein resections. 

ENA preparation and RT PCR analysis of kCD59 expression in 
transgenic organs. Tissues were harvested from euthanized animals 
and quick-frozen in Uquid Nj. RNA isolation was performed using 
the acid-phenol Gu-isothiocyanate procedure. First strand cDNA 
was prepared by reverse transcription using Reverse Transcriptase 
(Seikagaku America, Inc. Rockville, MD) according to the manufac- 
turer's specifications. Analysis of hCD69 expression was performed 
using the polymerase chain reaction and the following primers: (i) 
5'-TGTCCTAA CCCAACTGCTGACTGCAAAACAGCCGTC; (2) 5'- 
GCGGTGACGAAATACCTCAGCG AGTGTGG. The PGR primer (i) 
is complementary to hCD59 and primer (2) is complementary to exon 
2 of the H2Kb gene portion of the transgene. The PGR product 
expected from a correctly spliced mRNA is 425bp, whereas genomic 
DNA or an unprocessed messenger RNA will yield a product 575bp. 
The ^-actin primers (1) 5'CCAACTGGGACGACATGGAG; and C2) 
5'-AGGTCCAGACGCAGGATGGC were used as a positive control 
for each tissue RNA, and produce a 300bp PGR product from a 
correctly processed j5-actin mRNA. All PGR reactions were per- 
formed using the following reaction conditions: 5 ^tl of 1** strand 
cDNA reaction, 2.5 pmol of each primer, 50 mM KCl, 10 mM Tris- 
HGL pH 8.3, 2 mM MgClj, 0.4 mM dNTPs (dGTP, dCTP, dATP, 
dTTP), 2 U of Taq Polymerase (Perkin-Elmer, Cetus). in a 100 /d 
final volume. The following temperature conditions were used for the 
hCD59 PGR reactions: 40 cycles of 95**C for 1 min, 56^C for 1 min. 


and 72'G for 1 min. The ^-actin PGR reactions were performed as 
described for hGD59, except that a 50*G annealing temperature was 
used. The hGD59 PGR reactions were analyzed by dectrophorcsing 
20 Ml of a 100 id reaction on a 1 X TBE 1% agarose gel + 1 MgM 
ethidium bromide. Gonteol PGR reactions used to detect hGD59 
expression from human tissue were performed on human Uver first- 
strand cDNA. Total human Hver RNA CGlonetech. Palo Alto, GA) was 
used as a template to produce first^trand cDNA as described above. 
PGR detection of hGD59 expression was determined using the reac 
tion conditions as described above for the detection of hCD69 m the 
transgenic pig tissue, with the exception of using the Mowmg 
hCD59 5' and 3' untranslated region specific primers: 5' primer, 5 • 
GGAAGAGGATCCTGGGCGGCGGAGG; 3' primer, 5'-GGCAAGAG- 
GATGGATTTGGAAAATATGAAGCG. The expected reaction product 
from a correctly spUced hCD59 mRNA equals 535bp. The pectin 
controls and agarose gel analysis of the reactions products were 
perfbnned as described above. Then 15 /d of the 100 ^1 ^actin PGR 
reaction was analyxed as described for hCD59. 

Animals and perfusion circuits, Outbred swine obtained locally 
weighing -20 kg served as organ donors for control studies. Fi 
offspring oi similar size exprcssmg the hGD59 transgene were used 
in the experimental group. All animals received humane care in 
compliance with the "Guide for the Care and Use of Laboratory 
Animals," (National histitutes of Health publication 85-23, 1985 
revision). AH procedures were approved by the University of Minne- 
sota Research Animal Resources Gommittee on Animal Gare and 
Use, Animals selected for study were anesthetized with sodium 
pentothal and placed on a ventilator for maintenance anesthesia 
with isofluorane and oxygen, FoUowmg systemic heparinization, 
hearts were procured after topical cold-induced cardiac arrest Kid- 
neys were then procured and flushed with cold KureGollins's pres^ 
ervation solution and stored at 4'G until use. 

Hearts were prepared and perfused ex vivo as previously de- 
scribed {14). Hearts were perfused with one unit of fresh human 
blood from normal donors. Each unit of human blood (450 ml) was 
anticoagulated with 1.2 units heparin^ and used within 3 hr. 
Functional parameters measured included heart rate and riiythm, 
EGG R wave voltage, oxygen consumption, and coronary artery re- 
sistance. Blood samples were obtained at defined time points for 
measurement of antibody and complement and complete blood 
counts, including hemo^obin, platelet, and neutrophU counts. 

Kidneys were per&ised ex vivo 24 to 48 hr following procurement 
Kidneys were perfused via the renal artery at a constant pressure of 
60-80 mmHg. Flow was continuously monitored. Functional param- 
eters m^sured included renal vascular resistance, oxygen consump- 
tion, and urine output Renal perfusion circuits were primed with the 
addition of 450 ml blood from a single donor and 100 ml crystalloid 
sohition consisting of Rmger's lactate with the addition <tf ^ucose. 
insulin, calcium, and furosemide. Blood samples were obtained prior 
to priming the perfusion circuit (baseline), at circuit priming, at 15 
min intervals during perfusion for the first hour and then at hourly 
intervals for antibody, complement and hematology prefUe measure- 
ments. 

Antipig endothelial cell IgG and IgM antibody levels, Antipig en- 
dothelial cell IgG and IgM antibody levels were determined using an 
ELISA {23). Pig aortic endotheUal cells were eaq>lanted and cultured 
in 96- well plates in monolayer and fixed with 0.1% gjutaraldehyde. 
After incubation with HBSS-25 mM HEPES, pH 7.4 (Gibco, Grand 
Island, NY), contaming 1% bovine serum albumin to block nonspe- 
cific binding sites, dilutions of human serum samples were added to 
wells, followed by washing. Then goat antihuman IgG or IgM corru- 
gated to alkaline phosphatase was added, and these were incubated 
for 60 min at room temperature or 4*'C. respectively. The plates were 
then developed with a solution consisting of 1 mg/ml p-nitrephenyl 
phosphate and 100 mM diethanolamine in 0.5 mM MgG12, pH 9.5. 
Absorbance at 405 nm was determined with a V^^^ kinetic plate 
reader (Molecular Devices, Sunnyvale, CA). Negative controls were 
prepared as above, but application of human serum was omitted. 
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. lished data) Transgenic F, animals were further analyzed 

Xi'^uZ at 1:2 dUation was used as 100 nnitsJWal IgG and 
M concentrations were detennined by nephelometry. 
CflS m«»u,^mente. Hemolytic complement artiv,^ "^^tS^ 
oathway (CH50) was measured in 96-well flat^bottom^ micr^ 
ter p^a^ «&ning. Coming. NY). Frozen serum samples wwe 
2wS aSl sSdiluted two-fold from undiluted seram or fij^ 
^i^^'firdilutioninabuEferconsistii^ofSn^ 
^Ka.0.15mMCaCl^andlmMMgCl^contammg0.5%h^ 
«L albumin (VB). Then 50 ^ of <Pited senm was 

STsensiti^ed sheep red cells at a ->-<^^''''ff^^^^ 
» VB (24) Finally. 150 »a of VB was added and ^e plates were 
^oAaSd at 3?'C vUth occasional mixing. Degree of hemotysis w^ 
n^ ly turbidity at 650 nm (25) in a V kin^<^ -^P^. 
«ader (Molecular Devices). CH50 was expressed as the serum dUu 
ion yielding 50% reduction in turWdity. 

iLuJistology. Endomyocardial biopsy fP««»7jr. "Jl 
tained fh>m the right stride via the supenor vena cav^"^* 
^al opening foUowing harvest of the heart just before reperfasion 
S theT^r the completion of each experiment TJ»e sp^ 
were formalin.fced. embedded in paraffin, secboned. stamed with 
h^atoxylin and eosin. and exammed by Kght ^^^^V- T^^ 
were also embedded in OCT gel and snap-frozen m prewoled Kopen- 
tane and stored at -80«C until used. Cryostet-prepared t^efP*^" 
inttns were stained with FITC^njugated goat antabodies spe«fic for 

IgG (KaHestad Diagnostics. Chaska, MN); IgM. C3 C4. '^ f"^ 
(Organon Teknika Corporation, Durham. NO); and Clq and 

LperdL (INCStar Corp.. Stillwater. MN). Antibodies were preab- 

sorbed with pig scrum prior to use to elimfaiate nonspeafic bmding. 

In addition, tissues were stained with a murine antihuman mAb 

spedBc for C9 neoantigen (26). followed by ifl***'^"""-^^^^^ 

^timurine mAb (Organon Teknika Corp.). Tissues were ate« stamed 

pre- and postpcriusion with a murine anbhuman CD59 mAb 

MBM43 (Biodesign International, Kennebunkpoit, ME). 


RESULTS 

Analysis ofCD59 expression. Preliminaiy characterizatirai 
of the Fi-positive animals indicatfed that the level of expres- 
sion on p ripheral blood mononuclear cefls was comparable 
to the expression observed in the foimder animal (unpob- 


for hCD59 expression utilizing a reverse transcnption PGR 
(KT-PCR) approach, to ensure that the organs were xp^ 
ing the transgene prior to th perfusion expenmwits. RNA 
Sated from various sections of the heart and kidney w«jb 
used to isolate mRNA. BT-PCR analyse «f « 
preparations revealed an hCD59- specific DNA^^t 
tiuit was only present in the transgemc tissue (Fig- If)- 
Human CD59 was detected in both ateial and ventiride sec- 
tions of the transgenic heart. The comiary f^en^^ 
exha«ted bCD59 expression (Rg. lA). Expression of hCD59 
in the kidney was detected in the medulla as well as m the 
kidney cortex (Fig. lA). Hie tiransgenic negative bttermat« 
conti«l animal showed no hCD59 expression (Fig. lA). A 
control PGR performed on a human liver cDNA preparation 
to demonstrate the levels of hCD69 expression in a control 
human tissue revealed a 635bp fragment that is consistent 
with a correctiy spUced hCD59 faranscript (Fig. IC). A contirol 
B-actin PGR reaction was performed on all tissues a^nuned 
to demonstrate comparable quantity and quah^ of Uie first- 
strand cDNA derived from the tissue RNA. m tissue s«n- 
ples revealed a 300bp p-actin-spedfic DNA fragment tiiat 
represents a correctiy processed mBNA (Fig. 1, B and C). 

The RT-PGR data confirmed hCD59 expression m the 
transgemc organs and revealed tiiat various sections firom 
eitiier tiie heart or ttie kidney exhibited consistent repression 
patterns- however, tins analysis cannot discriminate cell 
Wpe-spedfic expression. To localize tiie ceUular distonbution 
of GD59 expression, immunohistochemical analyse was per- 
formed on heart and kidney organ sections witii tiie hCDSB- 
specific monoclonal antibody. MEM43. The expression of 
hCD59 in tiie heart tissue was exclusive to tiie va^wlature, 
whereas tiie striated cardiac muscle was devoid of any 
hCD59 expression (Fig. 2A). Immunohistochemical analysis 
of tiie kidney revealed similar expression in tiie vasc^ 
endothelium vrith intense expression in glomerular struc- 
tures (Fig 2B). Tissues from normal pordne hearts and kid- 
neys showed no expression of hCD59 (negative control). Hu- 
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Figure 2. Inanunohistochemical analysis of heart and kidney tissues prior to perfusion- Representative right ventricular endomyocardial 
and renal coxtex tissue samples were obtained prior to perfsuion with human blood and examined for the presence of hCD59. Shown are heart 
tissue [panel A) and kidney tissue [panel B] with heavy levels of expression of hCD59. 
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man kidney tissue was used as a positive control for the 
aiiti-hCD59 mAb. 

Effect of hCD59 expression on cardiac function. To deter- 
mine whether expression of hCD59 in porcine tissue would 
protect against HAR, Fj offspring expressing thie hCD59 
transgene underwent procurement of their hearts and perfu- 
sion with human blood. In these experiments, the time to 
cessation of normal sinus cardiac rhythm (heart survival 
time) was the endpoint used for each perfusion experiment. 
In establishing this model, porcine hearts perfused ex vivo 
with autologous blood demonstrated normal sinus cardiac 
rhythm and stable functional parameters for a 6 hr study 
interval (negative controls; data not shown). Normal porcine 
hearts perfused ex vivo with human blood resulted in HAR at 


21.2 ± 2.9 min (n = 5; i)Ositive controls). In these experi- 
ments, coronary vascular resistance markedly rose untO ces- 
sation of normal sinus rhythm, vnth hi^ level of oxygen ^ 
consumption and rapid decline in R wave voltage. 

One negative littermate for the hCD59 transgene under- 
went procurement 9nd perfusion of its heart with human 
blood and demonstrated an atrioventricular dissociative 
rhythm for 58 min (complete heart block), but did episodi- 
cally demonstrate normal rhythm for brief periods. Coronary p 
vascular resistance was markedly elevated immediately ^ 
upon perfusion with human blood, being 4 to 5 times that of 
the levels of hCD59 pig hearts, and continued to rise through- ( . 

out the entire experiment. This heart also showed a marked p 
utilization of oxygen, but to a lesser degree than hCD59 s 
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oriy and dmoBstrated gross moxph^cj^^co^ ^l^^^^^£^incr^Z s^yai ^ 

ETcSS^^^l-rts underwent perfo^ blool and on visual inspection api^ared to fm^onnonnalty 
^:'^l'S^S^^^^rn^^-'6^ for n««tof11« perfusion interval.. 


in. with a mean of 109.8 ± 20.7 min (P = 0.0146 compared 
ith positive controls; Kg. 3A). An hCD69 pordne hearts 
ononstrated slowly rising coronary vascular residence nn- 
115 to 30 min prior to cessation of normal sinus rl^rthm, at 
hich time a dramatic rise in vascular resistance was nrted 
lai was 2 to 20 times as hi^ as measurements in the first 


Effea ofhCD59 expression on renal function. Kidneys were 
also harvested from pigs expressing the hCD59 transgene 
and perfused with unmodified human blood. Each renal per- 
fusion experiment vras terminated when throiibosis occurred 
or electively at 4 hr of perfusion. In establishing ne^tm 
controls, pig kidneys perfused with fresh autologous blood 


ia£ was 2 to 20 times as high as measuremenK* ui vue canuoiB, yt^ i^uM^y i~ ^Z^^r^,^ anA 


Iso showed marked oxygen consumption throughout p«*i_ 
ion with an increase in oxy^ extraction during the last 15 
) 30 min of perfusion that correlated with the increase m 
oronaiy artery resistance. This was attributed to the de- 
rease in oxygen delivery resulting from the decrease m blood 
low toward the end of each experiment. R wave voltage 


produced measurable urine output for 4 hr (data not shown). 
Renal vascular resistance gradually rose to 3 tames milaal 
levels by 4 hr of perfumon. Oxygen consumption was also 
noted throu^out the perfusion interval and increased m 
parallel with the increase in renal vascular resistance. 
Four kidney perfusion experiments were performed with 


low toward the end oi eacn experuiKsuu « t»».^. ' o- cqju kiuub^t ^ixmbiv^ «.»^ ~ ^ 

esponded in a similar manner, slowly rising for the first 30 j^o^mal porcine kidneys perfused with human blood (positive 

ttinof perfusion and then gradually dedining the last 30 to conttol)."Negative control experiments were performed oy 

\0 min of each experiment. Hearts functioning for over 100 perfusion of normal pordne kidneys with autologous blood 


din showed stabilization of coronary vascular resistance and 
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Figure 3. Organ survival time. THme to completion of each organ 
perfusion experiment is summarised. Time to cessation of heart 
function [panel A) is shovra for control heart perfusion experiments 
in = 5) and for hCD59 hearts in - 4). Time to completion of kidney 
perfusion experiments (panel B], defined by organ thrombosis, is alK> 
shown for control experiments (n =4)and for hCD59 kidneys (n = 7). 


(data not shown). Two Hdneys from an outbred pig under- 
went perfusion with human blood. These 2 kidneys func- 
tioned for 60 min and 45 min, respectively. Each demon- 
strated substantial urine production for 30 min, which then 
abruptly dropped to zero. Kenal vascular resistance was 
markedly elevated during each study. Two kidneys from a 
negative littermate for the hCD59 transgene also underwent 
perfusion with human Jblood. The first kidney demonstrated 
elevated renal vascular resistance measurements through- 
out perftision. Urine output was vigorous for the first 60 min 
of perfusion, then abruptly dedined to zero just prior to 
rejection at 76 min. The second kidney had markedly ele- 
vated renal vascular resistance measurements and had no 
measurable urine output for the entire study. TMs kidney 
had gross morphological evidence of thrombosis by 1 hr. 
Survival time was estimated as 1 hr from this experiment. 
Mean survival for these 4 experiments was 60.0 ± 6.1 min 

Seven hCD59-expressmg transgenic pig kidneys under- 
went perfusion with human blood. Survival time for these 
kidneys ranged from 70 to 240 min (mean of 157.8 ± 27.0) 
compared with 60.0 ± 6.1 min for normal porcine kidneys 
perfused with human blood (P = 0.0174; Fig. 3B). Renal 
vascular resistance was elevated in all hCD69 porcine kid- 
neys compared with normal pig kidneys perfused with hu- 
mian blood but showed Srariation in subsequent vascular re- 
sistance readings. The 7 hCD59-expressing porcine kidneys 
that were perfused with human blood demonstrated two dis- 
tinct survival patterns. Four kidneys demonstrated function 
for over 3.5 hr and showed a gradual decrease in vascular 
resistance for the first 1.6 to 2 hr of perfusion, followed by an 
increase in vascular resistance until completion of each ex- 
periment. These findings were similar to the changes in 
vascular resistance seen in n rmal pig kidneys perfused with 
fresh autologous blood. Thre additional hCD59-expressii^ 
pig kidneys underwent perfusion and functioned for 70, 75, 
and 105 min. Each of these kidneys had renal vascular re- 
sistance measurements that were either profoundly levated 
at the initiation of perfiision or rose rapidly during perfusion. 
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gimilar to vascular resistance changes seen in positive con- 
trol perfusion experiments- ^ , , ATI 
Antiportine endothelial ceU naturul antibody levels, AH 
human blood donors used in this study were screened and 
selected based on normal levels of xenoreactLve natural an- 
tibodies prior to ex vivo perfiidon of hCD59-expressjng or- 
gans. No hCD59 organ perfusion study was compromised by 
low xenoreactLve levels. Human antipordne natural anr 
tibody levels were measured for each donor immediately 
prior to organ perfusion (baseline) and at defined time pdnts 
throughout each perfusion experiment Blood donors used to 
perfuse hCD59-expressing porcine hearts had similar levels 
of xenoreactive IgM (P - 0.77) and IgG (P = 0.15) compared 
with donors used to perfuse normal pig hearts (Pig. 4). Xe- 
noreactive antibody leveb decreased during organ perfusion, 
with minimal levels of natural antibody detected following 30 
min of perfusion- Several hCD59-expressing porcine organ 
perfusion studies were performed with repeat donors whose 
blood had been used in control studies several months pre- 
viously. Perfusion of one hCa)59-expressing pig heart with 
blood from a repeat donor resulted in a 6-fold prolongation of 


-■-CDS9 
^Untreated 



organ survival-163 min compared with 28 mm-when blood 
from this donOT was used to perfuse a normal pig heart in a 
study performed several months earUer. In addition, perfo* 
sion of hCD59 pordne kidneys was performed with previ- 
ously used donors for control heart and kidney organ perfu- 
sion experunents. These blood donors aD demonstrated high 
xenoreactive nAb levels. 

Total coTnplement hemolytic acUvity, Total complement he- 
molytic activity was determined athaseline levels as well as 
at specified time points during the perfusion interval. All 
blood donors demonstrated normal complement levels as 
measured by CHBO assay. In comparison with normal hearts, 
hCD59-expressmg hearts perfused with human blood eUated 
substantially less activation of complement during perfusion. 
CH50 measurements were not different at baseline (73,3 ± 
2.6 for hCD59 hearts vs. 75.1 ± 1.9 for normal hearts; P - 
0 77) but were markedly different at 30 min of perfusion (42.2 
± 3.2 vs. 22.5 ± 3.7; P = 0.02) (Fig. 5). This attenuation in 
complement activation persisted throughout perfusion of 
each CD59 heart « j 

Edneys perfused with human blood showed smular find- 
ings, with a decrease in complement activation in hCD59- 
expressing pordne kidneys compared with normal kidneys. 
Thus the presence of the terminal complement inhibitor on 
the vascular endothelium resulted in substantially less acti- 
vation of complement in both hearts and kidneys. 

Histopathology and Immtmopathology. Porcine organs per- 
fused with human blood were studied for the presence of 
immunoglobulin and complement deposition as well as ttie 
expression of hCD59. Histologic analysis of control heart and 
kidney tissues obtained at the end of each perfusion study 
showed characteristic changes consistent with HAR, includ- 
ing marked interstitial hemorrhage and edema, neutrophil 
infiltration, detachment of endothelial cells firom the base- 
ment membrane, and microvascular thrombosis. The h(a)59- 
expressing organs showed the same changes in a m^ority of 
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Figure 4. Antipordne natural antibody levels. Plasma endothelial 
cell IgM [panel A] and IgG [panel Bl levels at basdine, following 
priming of the perfusion dicuit (circuit prime), and at specified 
intervals following perfusion of a porcine heart. Data are cxpsressed 
as mean values ± SEM for hCD59 hearts compared with control 
hearts. 


Perfusate Sampling [HrsiMIn] 
Figure 5. CH50 levels. Total complement hemolytic cttvity[CH50l 
in human plasma is shown for heart perfusion erperiments before 
(baseline) and after priming the perfusion circuit (circuit prime) as 
well as at specified intervals for hCD59-expressing hearts in = 4) 
compared with control hearts (n « 6). CH50 were not wgnificantly 
difiterent at baseline CP = 0,77) but were significantly different by 30 
min of perfusion (P = 0.02), indicating a lesser degree of complement 
activation by hCD59-€xpressing pordne hearts. 
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e organB studies but were more focal and widely distrib. * anediated pytotcmaty (I J . Subsequently it was ^own tibat 
^dTTh^a-^cpressu^ hunum complement inhibitors that w^ 

Sde^^nsS g^^^ ^ ^^^^ ^ ^^^^ "f"^ 

NonSSS^^lpoS^eh^ ^''''''^^^^^ 
iti^ humanWood demaJLated mark d deposition of IgM. pigs were developed that expressed high levels f comple. 


jG, Clq, C3» C4, and C9 neoant^en as well as moderate 
sposition of properdin. Similar levels of IgM, IgG, Clq, C3, 
4, and properdin were deposited in hCDS^-expressing por- 
jae or^ms (Table 1)* The level of C9 neoantigen deposition 
as minimal in hCD59-eKpressing transgenic organs com- 
aied with normal porcine organs (Kg. 6). Thus, the presence 
f the hCD59 terminal complement regulatory protein re- 
ulted in a decrease in (39 neoantigen deposition and prolon- 
ation of organ function but was not able to prevent HAR 
rom eventually occurring. 

DISCUSSION 

(Tomplem nt is known to play a critical role in the patho- 
genesis of HAR of discordant xenografts (S). HAR can be 
nbibited by agents that interfere with complement activa- 
ion (5). For example, in the pig-to-primate combination, 
turvival f a porcine heart was prolonged from minutes to 
^ days by inactivating complement in the recipient with 
JVF (9). Prolongation of a cardiac xenograft was also 
ichieved by administration of s(}Rl (J W. These agents may 
>e useful in a clinical setting to inhibit complement at the 
±M of transplantation and for a few days ttiereafter. How- 
ever, th se agents are clinically unattractive for continuous 
use because complement inactivation in the recipient may 
sompromise the ability of the recipient to handle immune 
complexes and infectious processes, particularly if generation 
of the opsonic fragment C3b is impaired in immunosup- 
pressed patients. It would therefore be desirable to inhibit 
complement activation at the site of the xenograft itself and 
thus avoid interfering with host complement. For this reason, 
Dalmasso t al. proposed that inhibiting complement locally 
may be achieved by expressing membrane-associated com- 
plement inhibitors on the vascular endothelium of the graft 
that are irom the same species as the recipient (19). C3omple- 
m nt inhibitors such as DAF, membrane cofactor protein, 
and CD59 inhibit autologous complement but are usually 
ineffective in inhibiting complement of a different species. If 
a human complement inhibitor is expressed on the endothe- 
liiim of a porcine organ, that inhibitor would then protect the 
porcine organ from attack by human complement. This hy- 
pothesis was tested first with purified human DAF that was 
incorporated into pig endothelial cells in vitro; when these 
cells wer exposed to human natural antibodies and comple- 
ment, the endothelial cells did not undergo complement- 

Table 1. ImmttBopathoiogic tissue analysis 
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C9 
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+ + + 
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+ + + 

Properdin 

+ + 

+ + 

++ 


hCD59 

4- + + 


+ + + 



ment inhibitors on their vascular endothelial cells (16-18). 
Prolonged survival of a porcine heart expressing hDAF and 
hCD59 heterotopicallj transplanted into a baboon was drai- 
onstrated (18). 

In this study, we tested the ability (rf hCD59 expressed in 
transgenic pigs to protect organs against HAR when perfused 
ex vivo with human blood. First we showed that hCD59 is 
expressed in the vasculature of the hearts and kidbeys of 
offepring derived bom a transgenic founder animal Cell 
surface expression of hCD59 was also detected in the vascu- 
lar endothelium of several solid organs, including the heart 
and kidney, as well as in aortic endothelial cells grown in 
culture (data not shown). When pig hearts and kidneys were 
perfused ex vivo with human blood, organ survival was pro- 
longed several-fold in comparison with controls not express- 
ing hCDbd. Furthermore, two hCD59-expressing kidneys 
demonstrated normal function for the entire 4 hr study pe- 
riod. Immunohistochemical analysis of these organs demon- 
strated vascular deposition of IgM, IgG, Clq, C3, and (34 of 
an intensity similar to that in organs from control animals. 
In contrast, hGD59 transgenic hearts and kidneys perfused 
with human blood showed only minimal deposition of C9 
neoantigen, whereas controls demonstrated intense deposi- 
tion of C9 neoantigen. CD59 inhibits complement-mediated 
membrane damage by preventing the binding of C9 to C6b-8 
(21) and these experiments clearly demonstrate the role of C9 
as a part of the membrane attack complex in elidtation of 
HAIL The experiments also suggest a potential for hCD59 
expressed in transgenic donor organs to protect a xe- 
nografted organ &om complement-mediated injury- 
Several observations suggest that strategies to inhibit as- 
sembly of the membrane attack complex may be important in 
efforts to abrogate HAR. First, in vitro studies have demon- 
strated that the membrane attack complex is able to mediate 
activation of endothelial cells and platelets (21). Second, in 
vivo studies have shown cardiac graft survivals in C6-defi- 
cient rats and (3VF-treated rats of 2^ days and 3-4 days, 
respectively (9, 27), compared with minutes in controls. Fi- 
nally, in our ex vivo perfusion model of pig-to-human xeno- 
transplantation, survival of porcine hearts was extended 
fix)m a few minutes to more than 4 hr when C)6b-9 deposition 
was blocked with a mAb against human C5 added to human 
blood prior to perfusing a porcine heart {11), Addition of this 
mAb resulted in a dose-dependent inhibition of organ tissue 
damage, suggesting that preventing formation of the C6b-9 
complex would offer protection against HAR. The hCD59 
functions in a similar manner, preventing assembly of the 
CJ5b-9 complex, implying that increased expression of hCD59 
could confer significant protection &om HAR It has been 
shown before in vitro that hCD59 transduced in porcine 
endothelial cells protects these cells against human comple- 
ment (20). Now w demonstrate that transgenically ex- 
pressed hCp59 on porcine cardiac and renal vascular endo- 
thelium is able to provide significant protection against HAR 
in an ex viv organ perfusion model. 

It is known that CD59 plays a dominant role in protecting 
human endothelial cells firom cytotoxicity by autologous se- 
rum in comparison with DAF and membrane cofactor protein 
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FICUKE 6. Immunohistodiemical tissue analysis. Representative right vcn^cular endomyocardial tissue biopsy specunens taken at the 
completion of each perfusion experiment and examined for the deposition of C3 and C9. Shown are C3 deposition from contarol Ipa^ A] and 
hCD59-expressing [panel B] heart tissue specimens as well as C9 deposition from control [panel CI and hCD59-expressmg [panel D) hearts. 


(28), CD59 also protects endothelial cells against activation 
processes that are mediated by C5b-9 {29, 30). It is likely, 
then, that hCD59 expression may be a major element in a 
strategy to prevent HAR in the pig-to-himian combination. 
We found in this ex vivo perfusion model that hCD69 ex- 
pressed on small and large vessels in porcine organs perfused 
with human blood induced prolongation of organ sxirvival. 
However, expression of hCD59 in pig organs was insufficient 
to completely prevent tissue injury and organ thrombosis, 
which eventually occurred in most perfusion experiments. 

These studies highli^t the role of C9 in HAR and the 
potential usefulness of using transgenic donors that express 
the membrane attack complex inhibitor CD59. The use of 
donor pigs that express hCD69, together with human DAP 
and membrane cofactor protein, complement inhibitors that 
act at early stages of complement activation, would obviously 
be advantageous. This approach in combination with other 
methods such as selective removal of IgM anti- endothelial 
cell natural antibodies and immunosuppression may be use- 
ful in developing procedures that abrogate HAR. 
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The synthesis of foreign proteins can be targeted to thet mammary gland of transgenic animals, thus permitting 
commercial purification of otherwise unavailable proteins from milk. Genetic regulatory elements from the mouse 
whey acidic protein (WAP) gene have been used successfully to direct expression of transgenes to the mammary 
gland of mice, goats and pigs. To extend the practical usefulness of WAP promoter-driven fusion genes and further 
characterize WAP expression in heterologous species, we introduced a 6.8 kb DNA fragment containing the 
genomic form of the mouse WAP gene into sheep zygotes. Two lines of transgenic sheep were produced. The 
transgene was expressed in mammary tissue of both lines and intact WAP was secreted into milk at concentrations 
estimated to range from 100 to 500mg/litre. Ectopic WAP gene expression was found in salivary gland, spleen, 
liver, hmg, heart muscle, kidney and bone marrow of one founder ewe. WAP RNA was not detected in skeletal 
muscle and intestine. These data suggest that unlike pigs, sheep m^ possess nuclear factors in a variety of tissues 
that interact with WAP regulatory sequences. Though the data presented are based on only two lines, these findings 
Suggest WAP regulatory sequences may riot be suitable as control elements for transgenes in sheep bioreactors. 

Keywords: whey acidic protein gene; transgenic sheep; bioreactor; mammary gland 


Introduction 

Whey acidic protein (WAP) is an abundant milk protein in 
mice, rats, rabbits and camels, but has not been found in 
pigs, sheq) or cattle (for review see McKnight et al, 
1991), The WAP gene has been isolated from mice, rats 
and rabbits, and molecular mechanisms of its regulation 
are being analysed in transgenic animals. In mice, 
expression of the WAP gene is confined to mammary, 
alveoli, and WAP RNA accumulates at the end of 
pregnancy. Steady-state levels remain high throughout 
lactation (Pittius et al, 1988; Hennighausen et al, 1991), 
with approximately 10% of the mRNA in lactating 
mammary tissue encoding WAP (Hennighausen and 
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Sippel, 1982a,b). Because of its high-level tissue-specific 
expression, the WAP promoter has been used to direct 
expression of heterologous genes to alveolar epithelial 
cells for basic biological studies (Andres et al^ 1987; 
Schonenberger et aL, 1988; Jhappan et a/., 1993; Tzeng et 
aly 1993) and to direct the synthesis of pharmacologically 
active htmian proteins, to the mammary glands of goats 
and pigs, in the hope of producing commercial quantities 
of purified proteins (Ebert et aly 1991; Velander ef al, 
1993), 

Althoujgb the mouse is frequently used to analyse the 
integrity and functionality of hybrid genes, ultimately 
commercial production of foreign proteins in milk will 
require the use of transgenic rabbits, pigs, sheep, goats or 
cows. This, however, requires that regiilatory elements 
from mammary-gland-specific genes are functional across 
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species boundaries. Towards this end, we compared the 
expression of WAP transgenes in mice (Burdon et al, 
1991a) and pigs (Shamay et al., 1991; Wall et al., 1991)! 
Whereas only about one half of the mouse lines 
expressed the WAP transgene (Burdon et al., 1991a), 
the WAP gene was expressed in all lines of pigs and the 
WAP was secreted into the milk (Shamay et al 1991- 
Wall et al., 1991). 

To extend the range of our findings, we report here a 
study designed to test the feasibility of using genetic 
regulatory elements from the mouse WAP gene to target 
gene expression to the mammary glands of sheep. 


Material and methods 

Generation of transgenic sheep 

Ova, ^gotes and 2-cell embryos (referred to hereafter as 
"eggs") were harvested from superovulated parous 
Rambouillet ewes as previously described (Rexroad et 
al, 1990). The eggs were transferred to a test tube 
containing 37 °C Dulbecco's PBS with 10% sheep serum 
and transported to the laboratory for gene injection. In the 
laboratory, the eggs were microinjected with a 6.8 kb 
£co Rl fragment isolated from mouse genomic DNA 
(Campbell et al, 1984) containing 2.6 kb 5' and 1.6 kb 
3' flanking sequences surrounding the entire WAP gene. 
After microinjections, surviving eggs were returned to the 
surgical facility and two to four injected eggs were 
transferred into oviducts of anaesthetized recipient ewes 
whose cycles had been regulated with progestin pessaries. 

Indentification of transgenic sheep 
To identify transgenic sheep, genomic DNA was isolated 
from tail tissue and analysed for the presence of the 
mouse WAP gene using PCR and Southern blot analysis 
by^the same procedure previously reported (Shamay et al.. 

Isolation of RNA and northern blot, analysis 
Mammary biopsies were taken a week prior to parmrition 
from transgenic founder ewe 001 and again on days 2, 24 
and 50 of lactation. Biopsied mammary tissue was 
immediately placed in liquid nitrogen, and total RNA 
was isolated by the acid-guanidiniumrfluocycanate-phenol- 
chloroform extraction method, and fractionated on for- 
maldehyde agarose gels (Chomczynski and Saachi 1987) 
The RNA was then transferred onto GeneScreen Plus 
Nylon membranes (NEN Research Products, Boston, MA, 
USA), hybridized for 12 h at 65 "C widi random-primed- 
labelled cDNA fragments encoding mouse WAP, pig 6- 
casem and pig p-lactoglobulin, washed and exposed to X- 
ray films. 

Loading of total RNA was quantified by hybridizing 
the blot with an antisense RNA to human 18S ribosomal 
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RNA (Hillis and Dixon, 1991) which cross-hybridizes 
with the mouse 18S ribosomal RNA and sheep 18S 
ribosomal RNA. After hybridizmg the blot for 4h in 
0.4 m NaCl at 60 °C, followed by washing with 
0.2XSSC (30 mM NaCI, 0.4 mM sodium citrate), and 
0.1% sodium dodecyl sulfate (SDS), tiie filter was 
scanned with the aid of a Betascope (Betagen Inc., 
Boston, MA, USA). The WAP hybridization signals were 
normalized to the 18S signal. 

Analysis of mouse WAP 

Milk whey proteins were separated under denaturing 
conditions in SDS 16% polyacrylamide gels and eitiier 
stained with Coomassie Blue or tiransferred to nitrocellu- 
lose filters. Filters were incubated overnight in TBS (Tris- 
buffered saline, 20 mM Tris-HCL at pH 7.5, 500 mM 
NaCl) containing 3% gelatin. The manbranes were then 
probed for 90min with a 1:200 dilution of rabbit anti- 
WAP serum, followed by washing and incubation witii 
alkaline phosphatase-conjugated goat anti-rabbit IgG in 
TBS containing 1% BSA for 1 h. The antigen-antibody 
complexes were stained with nitroblueteti-azolium and 5- 
bn>mo-4-chloro-3-indolyl phosphate in lOOmM Tris-HCl 
at pH9.5, 5 mM MgClj and 100 mM NaCl. 


Results and Discussion 

Generation of transgenic sheep 

Four hundred and forty-three eggs (26. 2-ceU) were 
harvested from donor ewes and a genomic 6.8 kb fcoRl 
DNA fragment containing the mouse WAP gene was 
injected into pronuclei or nuclei of 281 eggs with visible 
nuclear structures. AU 281 eggs survived injection, based 
on gross morphological appearance, and 2 to 4 were 
transferred to the oviducts of each of 1 18 recipients within 
3 h of the time of injection. Thirty-one recipient ewes, 
into which 80 eggs had been transferrec^ maintained 
pregnancy (27%) and 29 lambs and 5 near-term foetuses 
(2 sets of twins and a single) were produced. The 2 sets of 
twin foetuses were recovered from recipient ewes that died 
within a month of their due dates. One ram foems was 
transgenic. Three of the 29 live bom lambs died within 
24 h of birtii. One of those Iambs was transgenic. Of tiie 
remaining 26 healthy lambs (12 ewes, 14 rams) 2 ewe 
lambs were found to be transgenic. Based on the two 
surviving transgenic ewes, the overall experimental 
efficiency was 0.7% (2/281), similar to an efficiency of 
0.8% achieved in a contemporaneous experiment 
(Clements et al., 1994) and previous woric (Rexroad et 
al., 1990). 

The founder ewe 001 (carrying approximately three 
copies of the WAP transgene) and founder ewe 029 
(containing approximately seven copies of the WAP) were 
bred to non-transgenic rams. Ewe 001 produced a 
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transgenic ram during each of her first two pregnancies 
and twin fulMerm foetuses during her third pregnancy. 
Ewe 029 produced twin ewes Iambs during her first 
pregnancy, one of which was transgenic, and twin full 
term foetuses during her second pregnancy. 

Transcription of the WAP transgene 
During lactation, mammary gland biopsies were taken 
from a non-transgenic ewe, both transgenic ewes, a mouse 
and a WAP transgenic pig. Total RNA was isolated and 
was analysed for the presence of WAP mRNA (Fig. la). 
The WAP RNA signal observed in manunary tissue of a 
mid-lactation (day 10) mouse (Fig. la, lane e) and a WAP 
transgenic pig (Fig. la, lane d) were of similar intensity as 
determined by Betascope analysis of the bands. Steady- 
state WAP RNA levels of ewes 001 and 029 were 7% and 
6% respectively of the WAP RNA signal produced by the 
mouse band (Fig. la, lanes b and c compared to lane e). 
As expected, no signal was seen in mammary tissue of the 
non-transgenic ewe (Fig. la, lane a). DNA probes for 
porcine p-lactoglobulin and P-casem RNA cross-hybri- 
dized with the corresponding mRNAs in sheep mammary 
tissue, and were used as loading controls and to verify the 
integrity of sample RNA. Equal steady^state levels of P- 
lactoglobulin and p-casein were seen in both ewes. WAP 
RNA expression in manmiary tissue of both ewes was 
similar to endogenous p-lactoglobulin RNA levels, by 
Betascope analysis. 

Transcription of the endogenous WAP gene in mice is 
first seen in late pregnancy and is maintained throughout 
lactation (Pittius et al, 1988). WAP transgenes are 
frequently not regulated in the same manner as the 
endogenous gene. Precocious transcription, aberrant 
hormonal regulation and silencing of the gene during 
the/ lactational period have been observed in both 
transgenic mice and pigs ^urdon et aL, 1991b; 
Shamay et aL, 1992). We therefore analysed steady^state 
levels of WAP RNA in manmiary gland biopsies of both 
transgenic ewes throughout their lactational and dry 
periods and compared WAP RNA measurements to 
endogenous milk protein RNAs. Both ewes' profiles 
were similar. WAP-specific RNA data from ewe 001 is 
presented in Fig. lb. Transcripts of WAP and endogenous 
p-lactoglobulin and p-casein were found one week prior 
to parturition (Fig. lb, lane b). WAP RNA reached peak 
levels by day 24 of lactation (Fig. lb, lane d) whereas 
RNA levels for p-lactoglobulin and p-casein had peaked 
at day 2 of lactation. 

Efficient transcriptional activity of the mouse WAP 
gene in both of the transgenic ewes extends our eariier 
observation that genetic control elements of this gene are 
functional in species that do not have a recognizable 
WAP gene (Shamay et a/., 1991; Wall et al, 1991). 
Clearly, the transcriptional machinery of the sheep 
alveolar epithelial cells recognizes the WAP gene. The 
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Fig. I (a) Expression of mouse WAP RNA in manunary of tissue 
lactating transgenic sheep. Total RNA was prepared from 
mammary gland biopsies taken during lactation from a non- 
transgenic sheep (lane a), ewe 001 (lane h\ ewe 029 (lane c), a 
transgenic pig carrying the mouse WAP gene (lane d. Wall et at,, 
1991) and from a mouse at day 10 (peak) of lactation (lane e)! 
RNA (10 Xg) was separated in a fonnaldehyde gel, transferred onto 
a nitrocellulose filter and hybridized with probes for mouse WAP, 
pig P-lactoglobulin and pig p-casein. (b) Levels of mouse WAP 
RNA in mammary tissue of a transgenic sheep prior to and during 
lactation. RNA was prepared from mammary biopsies taken fiom a 
lactating non-lransgenic ewe (lane a), and from transgenic ewe 001 
one week prior to parturition (lane b), at dayr 2 (lane c), day 24 
(lane d) and day 50 (lane e) of lactation. RNA was also prepared 
from the mammary tissue of a transgenic pig (lane f. Wall et aL, 
1991) and from a mouse (lane g). RNA (10 Xg) was separated in a 
formaidchyde gel. transferred onto a ninocellulose filter and 
subsequently hybridized with probes for mouse WAP, pig P- 
lactogiobulin and pig P-casein. 
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two WAP transgenic ewes experienced normal lactational 
cycles (each ewe produced 4 lambs and transmitted the 
transgene to their offspring), suggesting diat synthesis 
and secretion of WAP did not interfere with mammary 
function. In contrast, sows from several lines of 
transgenic pigs and least two lines of transgenic mice 
carrying the identical WAP transgene showed aberrant 
mammary development which resulted in non-functional 
mammary glands (Burdon et al, 1991b; Shamay et aL, 
1992). It is not clear whether we have investigated a 
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Fig. 2 Secretion of mouse WAP into sheep milk. Milk proteins 
fiom a non-transgenic ewe, two transgenic ewes, a transgenic pig, 
a non-transgraic mouse, and purified mouse WAP were separated' 
m a 16% SDS-polyacrylamide gel, stained with Coomassie Blue 
(top panel) or transferred electrt^horetically onto a nitrocellulose 
filter and analysed with rabbit anti-mouse WAP antibodies (bottom 
paneO- Lane a, whey fraction from milk of a non-transgenic sheep- 
lane b, transgenic ewe 001; lane c, transgenic ewe 029; lane i 
5mg of purified mouse WAP; lane e. prestained molecular weight 
standards (BRL); lane f, a pig transgenic for mouse WAP; lane g 
a non-transgenic mouse. 
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sufTicient number of lines to detect mammary abnorm- 
alities, or whether WAP does not interfere with ovine 
mammary development. 

Synthesis of WAP 

Sheep milk whey was analysed for the presence of the 
mouse WAP on Coomassie-stained SDS-polyacrylamide 
gels (Fig. 2, upper panel) and with anti-mouse WAP 
antibodies (Fig, 2, lower panel). The major proteins in the 
whey fraction of non-transgenic ovine milk are lactalbu- 
rain (14kDa), P-lactoglobulin (18kDa) and lactoferrin 
(70kDa) (Fig. 2, lane a). Smce mouse WAP co-migrates 
with p-lactalbumin, its presence ia transgenic ewes was 
determined immunologically (Fig. 2, lower panel). 
Whereas no WAP was detected in the whey of a non- 
transgenic ewe (Fig. 2, lane a), both transgenic ewes 
secreted mouse WAP into tfieir milk (Fig, 2, lane b and c). 
The major immunoreactive bands from the sheep samples 
co-migrated with purified mouse WAP (Fig. 2, lane d), 
WAP in mouse milk (Fig. 2, lane g) and mouse WAP in 
the milk of transgenic pigs (Fig. 2, lane f). The lower 
molecular weight band cross-reacting with anti-WAP 
antibodies in the milk of transgenic ewes was probably a 
proteolytic product of WAP which has also been observed 
in the milk of WAP transgenic pigs (Shamay et al, 1991). 

No quantitative assays (e.g. RIA, ELISA) have been 
developed for measuring WAP concentration. Therefore it 
was necessary to rely on the more qualitative, western 
blot analysis> to estimate WAP concentrations in the milk 
of transgenic sheep. WAP band intensities (excluding the 
presumptive proteolytic products) of transgenic ewes 001 
and 029 (Fig. 2, lanes b and c) relative to the 5 mg of 
purified mouse WAP band (lane d), were estimated to be 
10% and 2% respectively. Therefore the milk samples 
from ewes 001 and 029 contained approximately 0.5 and 
0.1 mgml'^ of WAP, respectively. These estimates of 
steady-state sheep milk WAP concentrations are in 
agreement with the WAP RNA levels detected in the 
tissue biopsies. 

Ectopic expression of the WAP transgene 
The endogenous WAP gene in mice and WAP transgenes 
in mice and pigs are tissue specific, expressed predom- 
inantly in mammary tissue and to a lesser extent in 
salivary glands (< 1% of mammary gland levels). To 
evaluate the tissue expression pattern of the WAP 
transgene in sheep, RNA was prepared from ten tissues ' 
for northern blot analysis. Tissues were recovered from 
founder ewe 029 following an unsuccessful attempt to 
rescue her twin lambs by caesarean section within a week 
of her expected parturition date. WAP gene expression 
was detected in a variety of tissues. The RNA samples 
were too degraded to quantitatively compare WAP 
expression in the various tissues with that of its expression 
in mammary gland tissue. Qualitatively, it appeared that 
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ectopic expression was higjiest in spleen and salivary 
gland, intermediate in liver, lung, kidney and heart muscle, 
lowest in bone marrow and not detectable in skeletal 
muscle or intestine. 

This unexpected finding is based on tissues harvested 
under less than ideal conditions (the ewe had died) from 
one animal and therefore must be interpreted with 
caution. Tissues were also recovered from the other 
founder (001) which also died in the night following a 
caesarean section. However, the extracted RNA was 
degraded and could not be analysed. Though the poor 
quality of the RNA from ewe 029 precluded quantitative 
analysis, there is no question that WAP was expressed in 
tissues other than the mammary gland It is possible that 
the ectopic expression observed was an artifact caused by 
the so-called transgene position effect However, it is 
equally likely that sheep possess regulatory factors, m a 
variety of tissues that interact with the WAP gene. 
Additional lines of transgenic sheep will have to be 
analysed to distinguish between the two possibilities. 

Health problems 

There was an unusually high morbidity rate in this study 
Founder 001 died near the end of her third gestation and 
ewe 029 died at the end of her second gestation. Dead 
full-term twin foetuses were recovered from both ewes the 
day before they died. No specific pathology was detected 
at the time of necropsy that could account for their deaths. 
It is not unreasonable to assume that the stress of carrying 
dead twin foetuses and the subsequent surgical trauma 
contributed to the founders' deaths. However, in a previous 
study, one of six founder pigs, carrying the same 
transgene also died at parturition (Sham^ a/., 1992). 

As a resuh of her two successfiil pregnancies, ewe 001 
produced 2 offspring, both of which were transgenic 
rams. One of the rams died at 7 months and the other 12 
months of age. Necropsies revealed no gross organ 
abnormalities. Ewe 029 produced twin ewes, one of 
which is transgenic. That ewe, 211, is now two years old 
and appears to be in good health, and was recently bred. 

Ectopic expression of the transgene was observed in 
tissues from founder ewe 029. Therefore, it is possible 
that expression of WAP in tissues other than the 
mammary gland contributed to the deaths of these 
transgenic animals. A recent study, in which we pur- 
posely expressed WAP in tissues other than the mammary 
gland, provides some support for that hypothesis 
(Hennighausen et aL, 1994). No increased morbidity or 
overt health problems were observed, but we detected 
hyperplasia and dysplasia of coagulation gland epithe- 
lium, one of the tissues that expressed a moderate 
amount of WAP RNA. However, because the function of 
WAP is unknown, it is difficult to speculate on a 
mechanism that might explain these observations. 

In mouse and pig studies where die same transgene 
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was used, we have observed a correlation between 
premature mammary gland expression of the WAP gene 
and the milchlos phenotype, a syndrome characterized by 
incomplete development of secretory epitheliimi (Burdon 
et aL, 1991b and Shamay et al, 1992). We have inferred 
from these observations that WAP may play a role in 
mammary gland development. If that is the case, ectopic 
expression of the WAP gene may have deleterious 
developmental consequences in other organs. 

Crossing species boundaries 

Transgenic mice have been employed extensively to study 
regulatory features of genes from a variety of species, 
including humans, rats, cattle, pigs, sheep and goats. 
However, there have been only a few studies in which the 
regulation of a transgene has been compared in several 
species. Using WAP transgenes allows us to address 
fundamental issues of transgenesis and gene regulation 
across species boundaries. Surprisingly, expression of a 
mouse WAP transgene was more efficient in pigs (Shamay 
et a/., 1991; Wall et a/., 1991) than in mice (Burdon et al, 
1991a). Whereas only one half of the transgenic mouse 
lines expresses the WAP transgene, all six lines of pigs 
and both lines of sheep express the transgene. Mammary 
specificity was maintained in mice and pigs, suggesting 
that the molecular basis of mammary-specific gene 
expression has .been conserved. However, the data 
presented here suggest that sheep and possibly other 
ruminants (cattle and goats) contain regulatory factor(s) 
that interact with the WAP gene in a variety of tissues. 

The data presented here and in other work (Burdon et 
al,, 1991a; Shamay e/ al, 1991; Jhappan et al, 1993; 
Velander et al, 1993) higUight some of the problems 
associated with the murine transgenic system as a 
predictive model. For the mouse, WAP transgenes behave 
somewhat erratically (precocious expression and lower 
than endogenous levels), but neither in mice nor pigs was 
tissue specificity lost The one ewe from which RNA 
from a variety of tissues could be analysed, clearly 
demonstrated ectopic expression of the WAP transgene. 
Since only one animal was analysed, it is not clear 
whedier the WAP gene generally loses its mammary- 
specific expression in the background of transgenic 
sheep, or whether the WAP transgene integrated within 
a chromosomal region that fosters widespread expression. 
Unfortunately, due to the high cost of producing 
transgenic sheep, it is unlikely that this question will 
be resolved until the efficiency of generating transgenic 
sheep is substantially improved. 
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METHOD FOR DEVELOPMENT OF TRANSGENIC GOATS 
Field of the Invention 

The field of the invention is methods for development of transgenic goats. 
Background of the Invention 

Selective breeding of domesticated animals, based on phenotypic traits, has 
led to significant genetic improvement in a variety of breeds. For example, selective 
breeding techniques have resulted the production of diary cows which produce more 
milk and produce milk having improved fat and protein profiles. Reproductive 
technologies including artificial insemination and embryo transfer (i.e., transferring an 
embryo to an animal that did not produce it) have contributed to this genetic 
improvement. Advanced reproductive and molecular technologies, e.g., embryo 
cloning, and marker assisted selection (genetic screening), allow even greater control 
oyer the selection of desirable traits. However, these practices only allow selection 
and propagation of traits which are already in the gene pool of the species. In order to 
replace or modify existing genes or insert genes for traits which are not present in the 
gene pool of the species, a transgene must be introduced into the animaL Transgenes 
can be used to introduce disease resistance, alter the composition of animal derived 
products (milk, serum, etc.), produce pharmaceutical or nutriceuticals, or for other 
purposes. 

A number of techniques can be used to create transgenic animals. Among the 
techniques which have been successfully used are: pronuclear injection of the 
transgene, nuclear transplantation, and injection of genetically altered stem cells into 
host embryos (chimera production). 

Pronuclear injection is a commonly used procedure for germ line insertion of 
genes. While this technique is attractive because it can be used successfully with a 
range of animals, the inability to control integration of the transgene and the large 
number of ova which must be injected to obtain even a single transgenic offspring 
combine to make the technique rather inefficient, at least for animals other than mice. 
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Moieover, animals which are deemed transgenic, e.g., by Southern analysis, may be 
mosaic, may contain the transgene but not express it, may express it in an undesirable 
manner, or may express correctly but fail to transmit it to offspring. Despite these 
difficulties, transgenic mice, sheep, goats, cattle and pigs have been produced using 
pronuclear injection. 

Transgenic mice have been created by genetically manipulating murine 
embryonic stem cells (ESC), e.g., by injecting a transgene into the ESC, and then 
injecting the altered embryonic stem cells into a host embryo. The resulting mice are 
mosaics in which genetically altered cells contribute to a greater or lesser extent to the 
somatic and germ cells. 

Nuclear transfer is a third approach to the generation of transgenic animals. In 
this technique the nucleus of a donor cell is introduced into a recipient oocyte. 
Offspring have also been reported in the bovine and sheep from cultured inner cell 
mass (TCM) cells and embryonic disks^ respectively, using the technique of nuclear 
transfer. 

Embryo transfer is a technique in which an embryo taken from a donor animal 
is transferred to a recipient animal who brings the embryo to term. Embryo u-ansfer 
has successfully produced offspring when embryos from dwarf goats were transferred 
into standard goats Sugie et al., 1 970. 

Summarv of the Invention 

The invention features a method which includes the following steps: (a) 
introducing a transgene into a zygote of a dwarf goat, (b) transplanting the zygote into 
a pseudopregnant non-dwarf goat, and (c) allowing the zygote to develop to term. In 
another aspect the invention features a method which inchjdes the following steps: (a) 
introducing a transgene into an embryo of a dwarf goat, (b) transplanting the embryo 
into a pseudopregnant non-dwarf goat, and (c) allowing the embryo to develop to 
term. 

In another aspect, the invention features a method which includes the 
following steps (a) introducing a transgene into an zygote of a dwarf goat, (b) 
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transplanting the zygote into a pseudopregnant dwarf goat, and (c) allowing the 
zygote to develop to term. In another aspect, the invention features a method which 
includes the following steps: (a) introducing a transgene into an embryo of a dwarf 
goat, (b) transplanting the embryo into a pseudopregnant dwarf goat, and (c) allowing 
the embryo to develop to terra. 

In preferred embodiments the method also includes: (d) breeding the offspring 
to produce a transgenic dwarf goat. In other preferred embodiments the introducing 
. of the transgene into the embryo is by introducing an embryonic stem cell containing 
the transgene into the embryo; the introducing of the transgene into the embryo is by 
infecting the embryo with a retrovirus containing the transgene; the introducing of the 
transgene into the zygote is by injecting the pronucleus of the zygote with the 
transgene. 

In other preferred embodiments at least four zygotes arc transplanted into the 
pseudopregnant non-dwarf goat and at least four embryos are transplanted into the 
pseudopregnant non-dwarf goat. 

In another aspect the invention features dwarf goat embryonic stem cells. 

By "transgene" is meant a DNA sequence introduced into the germline of non- 
human animal by way of human intervention such as by any of the methods described 
herein. 

By "dwarf goat" is meant a Nigerian Dwarf goat or a Pygmy goat or any other 
goat of small size comparable to that of a Nigerian Ehvarf goat or a Pygmy goat. 
Suitable goat breeds preferably weigh approximately 80 lbs or less at maturity and 
weigh 2.0 kg, more preferably 1 .7, or L5 kg at birth. Suitable breeds arc of a fetal 
size and neonatal size which permit a non-dwarf goat (i.e., a standard goat) to which 
the dwarf goat embryo or zygote are transferred to bear 3 or 4, more preferably 5 or 6, 
dwarf goats in a single pregnancy. Achondroplastic dwarf goats are suitable for use in 
the method of the invention as are dwarf goats whose small stature is due lo some 
other cause. 

Because several dwarf goat embryos can be implanted in a single pseudo- 
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pregnant standard goat, the method of the invention provides a means by which to 
decrease the number of recipient animals required for the production of transgenic 
goats. Transfer of multiple dwarf embryos to standard goats as recipients results in an 
increase (e.g., 2- to 4-fold) in the number of offspring per recipient, compared to the 
implantation of standard goat embryos into standard goat recipients. This represents a 
significant increase in production efficiency and a significant decrease in cost of 
recipient animals compared to other systems, such as the transfer of standard goat 
embryos to standard goat recipients. Moreover, dwarf goats have characteristics, 
including lack of seasonality, early onset of sexual maturity, and small fetal and 
neonatal size, and good milk yield, which are highly desirable in transgenic animals 
used for the production of pharmaceuticals or nutriceuticals in milk. Lack of 
seasonality and early onset of sexual maturity decrease the generation interval as 
compared to other dairy ruminants. Using the method of the invention, a 
heterologous gene product can be expressed in the milk of a transgenic animal within 
a time-frame which is the shortest of any dairy ruminant (e.g., a year before that of 
transgenic dairy cattle). 

It is the small fetal and neonatal size of dwarf goats which allows for the 
implantation of several embryos into a single standard goat recipient. Dwarf goats 
are a desirable system for the production of transgenic goats even when dwarf, rather 
than standard, goats are used as the recipient for embryos or zygotes. This is because 
a dwarf goats naturally produce more offspring in single pregnancy tlian do standard 
goats. 

The method of the invention can be used with any method for producing 
transgenic dwarf goats, including: pronuclear injection (or any other means for 
introduction of a gene into a cell), nuclear replacement (embryo cloning), and 
injection of genetically-manipulated embryonic stem cells into embryos (chimera 
production). The method of the invention can also be used to develop other advanced 
reproductive and genetic technologies such as homologous recombination. The 
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method of the invention has numerous advantages over other ruminant-based 
transgenic systems. 

The method of the invention preferably entails expansion and propagation of 
dwarf goat progeny, transgenic (or otherwise genetically altered such that at some of 
the cells harbor a gene that does not naturally occur in the species) transfer of 
embryos or ova or zygotes to standard goat does. In general, 4 to 6 or more dwarf 
goat embryos can be transferred to a standard recipient doc using the method of the 
invention. This represents an significant improvement relative to the use of standard 
goats where only 1 or 2 standard goat offspring are bom to a standard goal recipient. 

Another aspect of the invention entails transfer of genetically manipulated 
dwarf goat embryos to dwarf goat does. 

Other features and advantages of the invention will be apparent from the 
following description of the preferred embodiments thereof, and from the claims. 
Pescription Qf the Prgf^ed BmbPdiynentg 

A. Dwarf Goats 

Dwarf goats are indigenous to hidia, Arabia, China, West Indies and Africa 
(especially Nigeria, Ghana, and the Cameroons). Dwarf goats predominate in western 
Africa due to their natural resistance to the tse tsc fly which destroys other goat types. 
This West African goat is also called the Fouta Djallon, Cameroon, Nigerian or tree 
goat. 

Breeders in North America selecting for slightly different show traits have 
characterized two show breeds of Dwarf goats, the Pygmy goat and the Nigerian 
Dwarf goat. Nigerian Dwarves have slightly longer necks and legs and their barrels 
arc not as wide or deep as those of Pygmies. Breeders of Pygmy goats also select for 
a more limited range of coat color. These show breeds are both derived fiiom western 
African dwarf goats and have similar reproductive and milk production traits (Tables 
2 and 3). Dwarf goats useful in the method of the invention include Nigerian Dwarf 
Goats, Pygmy Dwarf Goats, and other dwarf goats which are of a size which permit a 
standard goat to carry 3 or more to term in one gestation. 
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The American Nigarian Dwarf Goat Organization (Atvarado, TX; Internet 
Address: rivoire@abn.untedu) provides information concerning Nigerian Dwarf 
goats including breeder lists. According to the American Nigerian Dwarf Goat 
Organization, ideal does are 17" to 19" high (21" maximum), and ideal bucks are 19" 
to 20" high (23" maximum). Their ideal weight at maturity is 75 lbs. Of course, 
dwarf goats useful in the method the invention need not meet these stringent criteria. 
Nigerian Dwarf Goats average 2 lbs at birth. Bucks can reach sexual maturity at 7 
weeks. Does can typically be breed at 7 - 8 months, although it is possible to breed 
them earlier. Nigerian Dwarf Goats are registerable with the American Goat Society, 
the International Diary Goat Registry, and the Canadian Goat Society. Additional 
Nigerian Dwarf Goat information is available on the Internet at 
http://AVww.okstate.edu/..7nigndwrfhtml. 

The National Pygmy Goat Association has set standard for the breed which 
have been accepted by the American Goat Society. According to these standards an 
adult buck is 1 6.0" to 23.6 high at the wither, and an adult doe is 1 6.0" to 22.4" high 
at the wither. 

Information concerning both the Pygmy Goat and the Nigerian Dwarf Goat 
can be found in "The Pygmy Goat in America with the Nigerian Dwarf'* (Alice Hall, 
Hall Press, San Bernardino, CA, 1992; ISBN: 0-9322 18-1 3 -X; Library of Congress 
Catalog Card Number 82-90126). 

The dwarf goats are homozygous fcwr small size. Dwarfism appears to be 
controlled by .three genes (Blanks, A Morphological, Physiological and Genetic 
Invesiigation of the African Pygmy Goat^ Doctoral Thesis, Oregon State University, 
1 97 1). At birth, the typical dwarf kid is less than half the size of a standard kid at 
birth. Dwarf goat birth weights average I A kg for females and 1.6 kg for males while 
for standard Saanens the birth weight are 3.6 kg for females and 3.8 kg for males. 
Hybrid dwarf-standard kids are intermediate between parental phenotypes. 
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Table 2. Comparison between Dwarf and Standard breed Goats 


Dwarf Goat (e.g,. Pygmy, Nigerian) 


Standard Goat (e.g., Saanen, Alpine) 


Differences 


Breeds all year 


Most are seasonal breeder (anestrous 4 
months) 

mature weight 75 kg 
sexually mature 1 0- 1 2 months 


mature weight 20-35 kg (female) 
sexually mature 3-6 months 


Similarities 


gestation 5 months 
milk production high 
(1000 Ibs/yr) 
twinning, triplets typical 


gestation 5 months 
milk production high 
(27001bs/yr) 
Singles, twinning typical 


Shorter Generation Times 

Dwarf goats have a shorter generation time than other dairy ruminants 
(standard goats, sheep, cows) owing to their sexually precociousness. Dwarf goats of 
both sexes arc mature rapidly. The females generally begin to cycle at two to six 
months of age, compared to nine months for standard goats, and are capable of 
carrying a pregnancy to term if impregnated at this time. Similarly, male Dwarf goats 
produce viable semen by two to three, compared to five months for standard goats. 
Standard management practice with Dwarf goats mandates that the males be removed 
from their litter mates by two months of age to prevent young bucks from mating with 
their sisters prior to weaning. 

Early puberty is important because it allows a transgenic female to be 
impregnated at three to four months after birth, allowing for early milk production at 
kidding. The entire process beginning at microinjected ovum to lactating transgenic 
female is 14 months (five months for fetus gestation, four months for doc growth, and 
five months for doe gestation). Moreover, lactation can be induced hormonally, thus 
even ftirther shortening the time required to obtain trmsgenic milk (five months for 
fetus gestation and two to four months for doe growth). 

Lack of SeasonaHtv 
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The Dwarf goat is sexually active throughout the year, a fact that further 
contributes to their shorter generation intervals. Standard goats in temperate chmatcs 
have defmed periods of sexual activity. In the northern hemisphere, standard goats 
have a defined rutting season firom September to March with "heats" occurring some 
18-21 days apart. In contrast. Dwarf goats are polyestrous (i.e., they do not show a 
period of sexual inactivity), probably because they evolved in the tropics where the 
seasonal effects on reproduction are slight. This lack of seasonality is an important 
aspect of Dwarf goat physiology because pubertal animals can be propagated year 
round either through natural breeding, superovulation, embryo transfer, or through 
frozen embryo storage with subsequent transfer. This is particularly advantageous for 
increasing numbers of transgenic animals. Some standard breeds of goals are less 
seasonally dependent than others and can be used as recipients throughout most of the 
year. 

Lactational Performance 

The lactational performance of transgenic Dwarf goats is sufficient to allow 
them to be a viable model for heterologous protein production. Typical lactation 
produces on average 1.0-1.5 L/day for 10 months, a remarkable amount considering 
the Dwarf goats* small body size. This lactation perfomiance is thus sufficient to 
satisfy the requirement for gram quantities of protein. The American Goal 
Association has set production records for Pygmy goats as producing 1/3 of the larger 
dairy goat breeds. The International Dairy Goat Registry has set similar production 
standards for Pygmy and Nigerian dwarf goats. Although production standards are 
from 460 to 550 lbs (209 to 250 kg) for yearlings, older does may produce more. 
Does producing over 1,000 lbs (454 kg) with high butterfat (5.5%) and protein (4.2%) 
are not uncommon (Da/ry Goat Journal, 1993 and Nigerian Dwarf Goat Association). 
Recent evaluation of the milk of a Nigerian dwarf doe from our herd found average of 
5.6% fat, 4.3% protein and 4.9% lactose (8 samples). This surpasses the standard goat 
average protein content of 3.0% for a Quebec dairy reporting lactational yields for 34 
milking dairy goats {Canadian Goal Society Quarterly, Nov. 1994). 
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Table 3. Production standards for yearling dwarf goats 


Association 

Type 

lbs per lactation (305 



days) 

American Goat 

pygmy 

500 

Association 



International Dairy Goat 

pygmy 

460 

Registry 




Nigerian dwarf 

550 


(Hall, The Pygmy Goat in America, supra) 


Small Physical Size 

In addition to the advantages in production, the small physical size of Dwarf 
goats means that less space required to house lactating Dwarf does. In addition, their 
small size and personable nature also make handling the animals easier. 
B. Multiple Birth Goat System 

The multiple birth goat system is based on the use of dwarf goats. Because 
dwarf goat fetuses and neonates are small, a standard recipient doe can gestate and 
give birth to multiple Dwarf offspring successfully. Even dwarf does can successfully 
carry 3 to 4 dwarf goat offspring. Either approach results in increased multiplicity of 
offspring and shorter generation intervals compared to producing standard goats in 
standard goats. The method involves the collection of Dwarf goat embryos and their 
transfer into synchronized standard recipient goat does or into synchronized dwarf 
goat recipients. Tn one study we were able to recover a total of 67 dwarf goat embryos 
from six dwarf goat donors (average number embryos from each donor = 1 1.2). In 
another study a total of 16 dwarf goat embryos were transferred to three standard goat 
recipients (average number embryos to each recipient = 5.3), two of whom maintained 
pregnancy. 

Several steps are involved in the method of the invention. These steps 
include: synchronization and superovulation, embryo recovery, and embryo transfer. 
Not all of these steps are necessarily involved in every implementation of the multiple 
birth goat system. The precise steps and techniques involved depend on use to which 
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the system is being put. In raany cases the dwarf goat embryos are manipulated 
(cloned, microinjected, etc.) prior to transfer to the recipient doe (which may be a 
standard or dwarf goat). 

Synchronization and S uperovulation 

The goats (standards and Dwarf) can be synchronized and superovulated by 
any established regime known by those skilled in the art. The following homional 
regime is one example of the methods which can be used. Sponges containing 60 mg 
of methoxyprogesterone acetate were inserted into the vagina of standard and dwarf 
goats and left there for 17 days. For three days, starting on day 15 of the sponge 
treatment, the dwarf goats (embryo donors) received two injections of follicle 
stimulating homione (FSH) a day in a decreasing dosage (5 mg, 4 rag, 3 mg, 2 mg, 2 
mg, and 2 mg, with 200 1.U. PMSG on day 2), Breeding was achieved by having the 
buck with the does on day 18 and 19. Ahemately the doe can be inseminated 
artificially. Standard goat recipiaits were not breed, but were synchronized using the 
sponges. Lower doses of FSH or pregnant mare scrum gonadotropin (PMSG; 400 
I.U.) can also be used in the synchronization of the recipients to ensure ovarian 
response. The embryos are collected and transferred five days following breeding. 

Recovery of Embryos 

Embryos were recovered and transferred surgically using standard procedures. 
The goats were fasted 24 hours prior to surgery then given 0.66 mg atropine sulfate. 
Anaesthesia was induced with intravenous administration of diazepam (1 mg/kg body 
weight) and ketamine (5 mg/kg). Anaesthesia was maintained with halothane via 
endotrachial intubation. For morula and blastocyst stage embryos (day 4-6 post 
insemination) the uterus was exposed and the proximal uterine hom occluded with a 
Foley catheter (Fr. 10 or 12 for standard does and Fr. 10 for Dwarf does). A Fr. SVS 
Tom Cat catheter was inserted at the utero-tubal junction and 10 to 20 ml of media 
was introduced into the uterus. This fluid was drained by gravity into a sterile 
receptacle. Both horns of the uterus were treated in the same way. Earlier staged 
embryos can be recovered m a similar manner by flushing the oviducts (day 1-3 post 
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insemination). Other embryo recovery methods can also be used in the method of the 
invention. 

EmbiVQ Transfer 

The dwarf goat embryos were introduced into synchronized recipient standard 
goats either by a surgical procedure similar to embryo recovery, or by laparoscopic or 
nonsurgical procedures (Pendleton et al., Louisiana Agriculture^ 29:6-7, 1986, 
describes such procedures). In the surgical procedure the exposed uterus was pierced 
with a needle (18 g) and a Tom Cat catheter carrying the embryos in a minimal 
amount of media was inserted through the puncture hole and carefully threaded into 
the uterine horn. The embryos were expelled into the uterine horn and the catheter 
carefully removed. 

Various embryo transfer techniques applicable to diary goats are described by 
Youngs et al. (Youngs et al.. Embryo Transfer in Dairy Goats, in The Proceedings of 
the Ml Goat Production Symposium^ Florida A & M Univ., Tallahassee, FL, 1 990). 
This reference also describes related techniques including: embryo cyropreservation, 
embryo splitting, in vitro embryo culture, gene transfer, nuclear transplantation, in 
vitro fertilization, and embryo sexing. Various embryo transfer techniques applicable 
to diary goats arc described by Youngs et al. {supra). Braun et ah describes useful 
methods for non-surgical collection of goat embryos. (Braun et ah. Non-surgical 
Embryo Collection in the Dairy Goat, in The Proceedings of the Intl Goat Production 
Symposium^ Florida A & M Univ., Tallahassee, FL, 1990). 
C. gmb]ryo MftTiipwlation 

The embryos recovered from the Dwarf embryo donor may be manipulated 
prior to embryo transfer using the following methods or other methods known to 
those skilled in the art. In general, any method for the production of transgenic goats 
can be used in the method of the invention. 

Microinjectjoq 

Microinjection of the transgene into the pronuclei of zygotes (produced either 
in vivo or in vitro) is a prefixed method for the generation of transgenic animals. 
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The pronuclei can be visualized by differential interference contrast which can be 
aided by briefly centrifuging the zygotes. DNA sohition, for example an expression 
vector with the casein control element driving expression of the desired transgene, is 
injected into one of the pronuclei. Injected zygotes can either be transferred surgically 
to the oviducts of recipients or cultured in vitro until the morula or blastocyst stage for 
surgical or non-surgical transfer, possibly following embryo biopsy. Guide to 
techniques in Mouse Development (supra) provides detailed descriptions of a wide 
variety methods which can be used to produce transgenic animals and manipulate 
embryos. Simons et al. describes examples of the use of microinjection of sheep 
jpironuclei and the production of transgenic sheep which produce human clotting factor 
IX and a 1 -antitrypsin (Bio/technology, 6:179, 1989). Meade et al. (U.S. Patent No. 
4,873,316) describes a microinjection techniques and expression systems suitable for 
expression of recombinant proteins in mammal's milk . 

Ebert et al. (Bio/technology 12:699, 1994) describe the induction milk 
containing of human tissue plasminogen activator from the mammary gland of 
transgenic goats from a first generation transgenic male. Ebert et al. (supra) also 
describe a useful method for induction of lactation in males using a hormonal regime. 
This method permits early assessment of a transgene expressed in the mammary 
glands, even in males. 

Embyyo biopsy 

Under some circumstances it is desirable to obtain a few cells from an embryo; 
The cells can be used to determine the gender of the embryo, determine whether the 
transgene is present, and assess the structure of the transgene (e.g., whether it has been 
rearranged). One to a few cells can be removed, preferably at the 16 cell or greater 
stage, using micro instruments. Genotyped embryos can be transferred to recipients 
or can be stored frozen for later transfer. 

In vitro devel opment of oocytes 

Keskintepe et al. describe a method for developing morulae in vitro from 
immature goat oocytes (Zygote 2:97, 1994). This method can be used to provide 
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zygotes and embryos for gene manipulation, host embryos for chimera production, 
unfertilized recipient oocytes for use in nuclear transfer, and embryos and oocytes for 
use in other techniques. 

Expansion of transgenic embrvos bv chimera production 
Transgenic dwarf goat embryos, including those produced by pronuclear 
injection, nuclear transfer, or obtained from a transgenic animal, can be split into 
small sets of cells, preferably 3 to 6 cells, but also as few as one and as many as half 
of the embryo's cells. Each small set of cells (or each cell) can be injected into an 
intact host goat embryo or sandwiched between the separated cells of a host goat 
embryo for the production of chimeric goats. The host embryo can be produced in 
vivo or in vitro. Dwarf goat embryos are preferred hosts, although standard goat 
embryos can also be used, particularly where the host cells are directed to placental 
formation. It can be diploid or tetraploid. By controlling the ratio of injected embryo 
to host embryo cells, stage of host (younger), ploidy of host (tetraploid) or 
differentiation of host (trophectoderm) and embryo (inner cell mass), the host embryo 
can be directed towards placental fonnation while the transgenic (injected) embryo 
can be directed towards fetal contribution. 

Embryonic stem cell isolation and culture 

Embryonic stems cells (ESC) are very useful in the production of transgenic 
animals. They can be genetically transformed and then used to form chimeric 
embryos by blastocyst injection, morula injection, morula aggregation, or other 
techniques (see Guide to Techniques in Mouse Development, supra). When ESC 
harboring the transgene are incorporated into the germ line and participate in the 
production of reproductive cells, the offspring produced by the chimeric animals will 
be transgenic. ESC are have several advantages: 1) they permit increased efficiency 
of transgenic animal production; 2) they can be transformed in vitro\ 3) they can be 
screened for the presence of the transgene (Robertson, Biology of Reproduction 
44:238, 1 991); and 4) they can be propagated so that one can generate many identical 
transgenic animals. The use of ESC makes it possible to replace an existing gene with 
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a genetically altered gene by homologous recombination (Thomas et aL, Ce// 5 1:501, 
1987). Pieper et al. (Nucleic Acids Res. 20:1259, 1992) describes methods for 
introducing a transgene into a murine zygote by homologous recombination. 

The following references provide information concerning the production of 
ESC and their use in the production of transgenic animals: Wheeler et al. {Reprod. 
FertiL Dev, 6:563, 1994); Reed et al (PCT Application No. PCT/US93/08878); 
Wheeler (PCT Application No. PCT/US94/05529); lannoccone (PCT Application 
No. PCT/US94/09787); and Evans et al (PCT Application No. PCT/GB89/01 103). 

Dwarf goat ESC can be produced as follows. Dwarf goat embryos, preferably 
at the blastocyst or younger stages, are cultured after removal of the zona pellucida, 
either through natural hatching process or mechanical removal, on an appropriate 
feeder cell line such as embryonic fibroblast feeder layers (mouse, STO, goat, etc.). 
Embryos attach to the monolayer and proliferate as an undifferentiated cell line 
(embryonic stem cells). These cells can be propagated as a cell line, stored frozen, or 
transfected with DNA construct by any of known DNA transfer techniques (i.e., these 
cells are amenable to all somatic cell manipulations known to one trained in the art), 
ESC can be derived from morulae (Eistetter, Dev. Growth ahdDiff, 3 1 :276, 1989). 
ESC can also be isolated from primordial germ cells (Matsui et al.. Cell 70:841, 
1992). 

Putative dwarf goat ESC were derived as follows. Morula-staged and/or 
blastocyst-staged embryos were collected from superovulated dwarf goal does on day 
6 (esterus = day 0). The embryos were placed into Embryonic Stem Cell Medium 
(ESCM; MEM (GIBCO) supplemented with nonessential amino acids, O.lmM P- 
mercaptoethanol, and 1 5% bovine fetal calf serum (PCS) over a feeder cell layer. In 
this example the feeder cell layer was mitomicin blocked STO cells (available from 
the American Type Culture Collection, Rockville, MD). Alternately, mouse 
embryonic fibroblastic cells, or goat embryonic fibroblastic cells could be used as a 
feeder layer. 

Over a period of 7 days the embryos hatched from Ihcir zonae pellucidae and 
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attached to the feeder layer. After a few days (up to and over 2 weeks) attached cells 
were removed mechanically by cutting into pieces with sharp edge, glass or metal 
needle or blade, and lifting off the surface. These pieces were then enzymatically 
dispersed (using trypsin or protease) into small clumps of cells and replated onto 
plates of fresh feeder cells. The enzymatic treatment can be omitted and the small 
pieces passaged directly to the new feeder layer. 

After 7 to 14 days the embryonic stem cells colonies were passaged again as 
described above. This passaging step is repeated as needed. Colonies can be passage 
while small and undifferentiated or can be allowed to almost reach confluency. Large 
colonies may have areas of differentiated and undifferentiated cells. Undifferentiated 
cells can be preferentially removed for continued passage. 

ESC can be frozen in 10% glycerol and 90% ESCM. ESC lines can be 
restarted from frozen cells. Frozen cells are thawed rapidly, washed fi^e of 
cryoprotectant and plated onto fresh feeder layers. 

As an alternative culture method, established ESC (after 1 passage) can be 
plated onto gelatin coated tissue culture plate instead of feeder cell layers. The ESC 
medium is supplemented with BRL cell conditioned medium (60% BRL conditioned 
MEM supplemented with 40% ESCM and 0.1 mM P-mercaptoethanol). 

The ESC prepared as described above have a large nuclear to cytoplasmic 
ratio. At high cell numbers, the ESC grow in a flat monolayer with indistinct cellular 
edges. Colony edge is distinct and smooth. Cell size is less than or equal to 21 jim. 
When plated as single cells or in small clumps they form a small mound which will 
later expand to large flat colony as numbers increase. Undifferentiated cells are 
alkahne phosphate positive and form simple embryoid bodies spontaneously as cell 
numbers (colony size) increases. Some colonies may spontaneously differentiated 
into large flat (trophectoderm-Uke) cells and/or with cells which have morphological 
characteristics of nerve cells and/or muscle cells. 

Embrvonic stem cell-chime ra production 

Embryonic stem cell, preferably selected for the appropriate incorporation of a 
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transgene, are injected into a host embryo, preferably when Ihe host embryo is at the 
morula or blastocyst stage, although injection can occur when the embryo is even 
younger- The ESC used are preferably from selected colonies which are separated 
into small clumps of cells (preferably five to fifteen cells) either by mechanical or 
enzymatic (pronase or trypsin) treatment. These cells would be injected into the 
blastocoel of blastocyst staged embryos or under the zona into the mass of morula or 
younger staged host embryos. Alternately, zona free morula (or younger) embryos 
can be cultured with ESC separated by enzymatic treatment, allowing ESC to be 
incorporated into the embryo. Host embryos can be i?i vivo or in vitro produced, 
diploid or tetraploid. Guide to Techniques in Mouse Development (supra) describes 
techniques employing ESC in the production of transgemc animals. 
Nuclear transfe r for multiplication of cmhwos 

Nuclear transfer is an alternative method for propagating transgenic animals. 
The nuclear donor source can be either a cell taken from a transgenic embryo 
(following pronuclear injection or derived from a transgenic dam/sire) or a transgenic 
embryonic stem cell. The cytoplast/host source can be any goat oocyte, in vitro or in 
vivo matured. 

The host oocyte is enucleated (metaphase II chromosomes removed) either by 
microsurgical or by centrifugation methods. The resulting host cytoplast is activated 
by any number of means (cold shock, electrical pulse, calcium ionophore - DMAP 
treatment, ethanol, etc.) prior or post nuclear transfer depending on the cell cycle stage 
of the donor nucleus. Generally, embryonic cells are transferred to a preactivated 
cytoplast while the ES cell-cytoplast are activated post transfer and fusion. The donor 
nuclei are obtained by either mechanical or enzymatic (for example, trypsin, protease) 
separation of the donor embryo or cell line. The individual cells (karyoplasts) are 
transferred to the enucleated oocyte (cytoplast) under the surrounding zona pellucida 
such that there is contact between the plasma membranes of the karyoplast and 
cytoplast. The karyoplast and cytoplasl are fused by any of several methods including 
but not limited to, electrofusion, PEG, fusogenic proteins or vimses, etc. The new 
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zygote is cultured to an appropriate stage for transfer to a recipient animal or frozen 
storage. An alternate method to karyoplast/cytoplast fusion is that the donor nucleus 
can be injected directly into the ooplasm of the enucleated oocyte (CoUas et aL, 
Molecular Reproduction and Development 38:264, 1994). The new zygotes produced 
by these nuclear transfer techniques can also be combined with a host embryo (in the 
manner described above) to produce chimeras. Prather et al. (U.S. Patent No. 
4,994,384) and Massey (U.S. Patent No. 5,057,420) describe nuclear transfer 
methods. Tatham et al. (Biology of Reproduction 53:1088, 1995) describes additional 
nuclear transplantation methods. 
D. Use of Tran sgenic Goats 

The transgenic dwarf goats produced by the method of the invention can be 
used to produce usefid human therapeutic proteins (e.g., human growth hormone) and 
veterinary therapeutic proteins (e.g., IL-6) in the milk of the dwarf goats. Production 
of the heterologous protein in a manunal facilitates post-translational modification of 
the protein and obviates expensive cell culture media used in in vitro methods of 
protein production. The invention also offers the advantage that the heterologous 
protein can be produced in large quantities. Transgenic goats can also be used to 
alter the characteristics of milk. 

Transgenic goats can be used for many of the same purposes for which other 
transgenic animals have been used. The following references describe a variety of 
uses for transgraic animals: Sarvetnick et al. (PCT Application No. 
PCT/US94/04708); Bjursell etal. (PCT Apphcation No. PCT/SE93/00515); Lonberg 
(PCT Application No. PCT/US94/04580); and Abraham et al (PCT Application No. 
PCTyGB94/00569). 

For example, expression of an appropriate transgene can cause alterations in 
the protein, lipid, or carbohydrate content of the milk. Useful milk products, such as 
those having a reduced lactose content, can readily be produced. In addition, where 
the transgene expresses P-galactosidase derived from Aspergillus niger, the enzyme is 
particularly useful for hydrolyzing lactose at an acidic pH (at pH 3-4). Accordingly, a 
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sample of milk including this enzyme is particularly useful for reducing the lactose 
content of a second sample of milk by simply mixing the two milk samples together. 

Where the heterologous enzyme is an aspaitic protease, the milk is particularly 
useful for producing cheese. Such proteases decrease the time required for milk to be 
clotted by rennet. Aspartic proteases can also increase the yield of cheese. The 
expression of a bovine ^-casein in milk can also improve cheese yields. In addition, 
the production of bovine P-casein or other heterologous proteins (e.g., lactoferrin or 
lysozyme) in milk can increase the nutritional value of the milk. 

Because heterologous enzymes can be tethoped to the mammary epithelial cell 
membrane, the invention also enables the production of modified milk, while 
decreasing the concern that such milk contains heterologous enzymes. Tethering 
enzymes to the manunary epitheUal cell membrane also decreases the demand placed 
on the cell's synthetic machinery, since the enzyme can act on components of the milk 
without being secreted into the milk. 
E. Transgenes 

Useful promoters for the expression of transgenes in the mammary tissue 
include promoters which naturally drive the expression of manunary-specific. For 
example, the aSl -casein promoters, aS2-casein promoters, p-casein promoters, k* 
casein promoters, P-lactoglobulin promoters, whey acidic protein promoters, and a- 
lactalbumin promoters can be used. If desired, the promoter can be operably linked to 
one or more enhancer elements such that the enhancer element(s) increases 
transcription of the gene encoding the heterologous gene product. 

The following references describe genes and expression control regions useful 
in the construction of transgenes in a variety of livestock: Groenen et al. (Livestock 
Production Science 38:61, 1994); Wilmut et al. {Experientia 47:905, 1991); Pursel ct 
al. (J. Animal Sci. 71(suppL 3):10, 1993); Clark et al. (U.S. Patent 5,322,775); and 
Bleck et al. (PCT Application No. PCT/US92/06549). Expression constructs and 
genes used in livestock other than goats can, if required, be adapted for use in goats. 
Hunvitz et al. (PCT Application No. PCT/US/06300) describes expression constructs 
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suitable for expression of a heterologous protein in the milk of a goat. 

Preferably, the genetic construct (i.e., plasmid) also includes a transcription 
termination region. Useful termination regions include a polyadenylation signal and 
the 3*-end of the gene from which the promoter region of the genetic construct was 
5 derived. Other useful transcription termination regions include tennination regions 

which are known to affect mRNA stability, such as those dOTved from the bovine 
growth hormone gene, globin genes, the SV40 early region or milk protein genes. 

Optionally, the linear or circular genetic construct includes an intron which 
can increase the level of expression of the heterologous gene. Generally, the intron 
10 should be placed between the transcription initiation site and the translational start 

codon; 3' of the translational stop codon; or within the coding region of the gene 
encoding the heterologous protein. The intron should include a 5* splice site (i.e., a 
donor site), a 3* splice site (i.e., an acceptor site), and preferably includes at least 100 
nucleotides between the two sites. Particularly useful introns arc those which are 
15 naturally found in genes of ruminants (e.g., genes encoding caseins). 

HeterolQgpys Q^e ProdtfQts 

Practically any heterologous protein can be produced in a transgenic dwarf 
goat. Particularly useful heterologous proteins include those which are of therapeutic 
value to humans or animals (e.g., htPA, hGH, and IL-6). Other particularly useful 

20 proteins include those which increase the nutritional value of the milk (e.g., P-casein 

and lactoferrin). Many genes encoding these and other useful proteins have been 
identified and cloned, allowing them to be readily subcloned for use in the production 
of transgenic dwarf goats. 

Other particularly useful heterologous proteins include those which are 

25 valuable in food science. Among the useful proteins are those which possess an 

enzymatic activity directed toward a component of milk; such enzymes can be used to 
alter the lipid, protein, or carbohydrate content of the milk. For example, p- 
galactosidase can be produced with the invention to produce milk with a reduced 
lactose level. Genes encoding P-galactosidase can be derived from any of a number 
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of organisms, mclnding Aspergillus niger^ (Kumar et ah, 1992, Bio/technology 
10:82); Homo sapiens (Oshima et aK, 1988, Biochenu Biophys, Res, Comm. 157:238); 
Kluyveromyces lactis (U.S. Pal. No. 5,047,340; Sreekrishna and Dickson, 1985, Proc. 
Natl Acad. Sci. 82:7909; and Poch et al., 1992, Gene m:55)i Lactobadllus 
bulgaricus (Schmidt et al,, 1 989, 7. Bacteriology 1 7 1 :625), 

Useful proteins include: cytokines, aspartic proteases, lysozyme, steaiyl-CoA 
desaturase, lipases, galactosyltransferase, blood clotting proteins, protein C, al- 
antitrypsin, urokinase plasminogen activator, human serum albumin, cystic fibrosis 
transmembrane conductance regulator, gamma-interfcron, human CD4, growth 
factors, peptide hormones, oncoproteins, tumor suppressor proteins, milk proteins, 
hormone receptors, translation factors, and transcription factors. 

If desired, the gene encoding the heterologous protein can be mutated. 
Particularly useful mutations include mutations in the 5'- or 3 - untranslated regions of 
the gene, because such mutations may improve expression of the gene encoding the 
heterologous protein. Other useful mutations or deletions are those which increase 
secretion of the protein from the cell or inhibit retention of the protein inside the cell. 
For example, sequences encoding endoplasmic reticulum retention signals or other 
sorting inhibitory signals are preferably deleted from the genetic consUiict or mutated 
to be non-functional. In addition, truncated versions of naturally-occurring proteins 
can be used in the invention, provided that the truncated protein possesses a useful 
biological activity. 

Each heterologous protein produced according to the invention should be 
bonded to a signal peptide if the protein is to be secreted from the mammary epithelial 
cell. The signal peptide can be a naturally-occurring component of the heterologous 
protein (e.g., the signal peptide of human placental p-galactosidase). Where the 
heterologous protein is not naturally a secreted protein, if secretion is desired, the 
genetic construct should be assembled such that a signal peptide is bonded to the 
heterologous protein so that the signal peptide directs secretion of the protein from the 
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cell. Useful signal peptides can be derived from genes such as casein genes, the gene 
for human alkaline phosphatase, or the gene for melittin. 
TetheM Effzymg^ 

Where the genetic construct encodes an enzyme to be tethered to the epithelial 
cell membrane, the genetic construct can include a sequence encoding a membrane- 
associated polypeptide. For example, the genetic construct can include a sequence 
derived from P-l,4-galactosyltransferase (see, e.g., Masri et al., 1988, Biochem. 
Biophys, Res. Comm. 175:657-663), lact^se-phlorizin hydrolase (see, e.g., Mantei et 
al., 1988,£A/50 J. 7:2705-2713), the thy-1 protein (see, e.g„ Brovra et al., 1989, 
Science^ 245:1499-1 501), or the sodium/ghicose transporter (see e.g., Kong et aL, 
1993, FEBS Letters 333:M). 

Tethering an enzyme to the cell membrane allows the enzyme to be active on a 
component of milk, while inhibiting secretion of the enzyme into milk obtained from 
the mammal. Tethering the enzyme to the cell membrane can decrease the amount of 
heterologous enzyme that must be synthesized for modification of the milk 
components. While secreted enzymes remain in contact with milk in the bovine duct 
for approximately 12 hours before they are removed with the milk, the time span for 
tethered enzymes is limited only by the natural turnover of the epithelial cell 
membrane. Because the enzyme remains in the duct where it can act on milk 
produced over a long period of time, the cell may not need to synthesize as much of 
the heterologous enzyme as would be required if the heterologous enzyme were 
secreted. In addition, while milk obtained fit>m such mammals can be modified as 
desired (e.g., to have a reduced lactose content), tethering the enzyme to the cell 
membrane decreases the concern that the modified milk contains an undesired 
heterologous enzyme. 

Antisengp OligQpucleotidg^ 

Where the genetic construct encodes an antisense oligonucleotide for 
inhibiting gene expression, the construct is engineered to produce an oligonucleotide 
which hybridizes to DNA or mRNA of the gene. Generally, this aspect of the 
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invention can be practiced using art-known antisense strategies. The DNA sequences 
of a number of mammary efrithelial cell genes are known. Appropriate targets 
include, without limitation, genes encoding a P-lactoglobulin (see e.g., Ivanov et al., 
1988; J. BioL Chem, 369:425-429, and Silva et aL, 1990, Nucleic Acid Res. 18:3015), 
an acetyl CoA carboxylase, a galactosyltransferase (Shaper et al., 1986, Proc. Natl. 
Acad. Sci. 83: 1573-1577; Masibay et al., 1989, Proa. Natl Acad: ScL 86: 5733-5737; 
Masri et al., 1988, Biochem. Biophys. Res. Comm. 175:657-663), and an a- 
lactalbumin (Vilottc et al., 1987, Biochimie 69:609-620). Thus, those skilled in 
molecular biology will be able to design a genetic construct encoding an antisense 
oligonucleotide of a suitable sequence and length. Preferably, the antisense 
oligonucleotide is between 5 and 1,000 nucleotides in length (more preferably 10 to 
500 nucleotides). 

Ribozvmes 

The gene transfer method of the invention can also be used to deliver genetic 
constructs encoding ribozymes to the mammary epithelial cells. Conventional 
strategies can be used in the design of genetic constmcts encoding ribozymes. 
Appropriate target nucleic acids include, without Hmitation, those which encode P- 
lactoglobulin, acetyl CoA carboxylase, galactosyltransferase, and a-lactalbumin. 
Genetic Knockouts 

Using embryonic stem cell technology, one can knock out a selected gene. 
Isolation a nd Characterization of Genetic Constmcts 

The genetic constructs useful in the invention can be prepared using 
conventional techniques for DNA isolation. If desired, DNA quality can be assessed 
with standard methods, such as measuring optical density or analyzing the DNA by 
electrophoresis. Preferably, the DNA is endotoxin free, and suitable methods include 
those which have been approved for purifying DNA for use in hiunans (e.g., the use 
of a Qiagen DNA extraction kit followed by the use of an endotoxin elimination kit). 
If desired, the genetic constructs can be further characterized by sequencing the DNA 
molecules, particularly at junctions formed by the ligation of two DNA molecules. 
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The creation of partial restriction maps from the genetic constructs can provide 
infonnation regarding the orientation of the gene encoding the heterologous protein 
relative to the other components of the construct. 

What is claimed is 
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Claims 

1 . A method comprising: 

(a) introducing a transgene into a zygote of a dwarf goat, 

(b) transplanting said zygote into a pseudopregnant non-dwarf goat, 

and 

(c) allowing said zygote to develop to term. 

2. A method comprising: 

(a) introducing a transgcne into an embryo of a dwarf goat, 

(b) transplanting said embryo into a pseudopregnant non-dwarf goat, 

and 

(c) allowing said embryo to develop to term. 


3. A method comprising: 

(a) introducing a transgene into an zygote of a dwarf goat, 

(b) transplanting said zygote into a pseudopregnant dwarf goat, and 

(c) allowing said zygote to develop to term. 

i 

4. A method comprising: 

(a) introducing a transgene into an embryo of a dwarf goat, 

(b) transplanting said embryo into a pseudopregnant dwarf goat, and 

(c) allowing said embryo to develop to term. 

5. The method of claim 1 or 2 further comprising: 

(d) breeding said offspring to produce a transgenic dwarf goat. 


6. The method of claim 2 wherein said introducing of said transgene into 
said embryo is by introducing an embryonic stem cell containing said transgene into 
said embryo. 
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7. The method of claim 2 wherein said introducing of said transgene into 
said embryo is by infecting said embryo with a retrovirus containing said transgene 

8. The method of claim I wherein said introducing of said transgene into 
said zygote is by injecting the pronucleus of said zygote with said transgene. 

9. The method of claim 1 wherein at least 4 said zygotes arc transplanted 
into said pseudopregnant non-dwarf goat 


10. The method of claim 2 wherein at least 4 said embryos are transplanted 
into said pseudopregnant rion-dwarf goat. 
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